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Previous work has indicated = much 5 the biochemical 
maturation of the mammalian liver takes place around the time 
of birth (1-6). In the present study of this critical period, we 
have investigated the mode of pyruvate utilization in the tri- 
carboxylic acid cycle. Pyruvate enters the tricarboxylic acid 
cycle in two ways, as acetyl coenzyme A and as a dicarboxylic 
acid. In the following experiments, the apportionment of 
pyruvate entering the tricarboxylic acid cycle between acetyl 
coenzyme A and dicarboxylic acid was estimated in vivo by 
determining the relative distribution of isotope in glutamic acid 
after injection of pt-alanine-2-C". The method is based on the 
observation that the position of isotopic labeling in glutamic 
acid by pyruvate-2-C™ depends on the route of entry of pyru- 
rate into the tricarboxylic acid cycle (7, 8). 

The mode of pyruvate utilization in the tricarboxylie acid 
eyele was studied at various stages of development in guinea 
pig liver. The stages were chosen to coincide with different 
phases in the metabolism of glycogen and fat (9, 10). In guinea 
pig liver, the functional state of the glycogen and fat stores 
around the time of birth may be divided into three phases. 
First, before the 57th day of gestation, glycogen is present only 
in traces, and the fat concentration is stabilized at about twice 
the level of the maternal liver; second, from the 57th day until 
birth (68 days), both the glycogen and fat concentrations grad- 
ually increase to values 3 and 4 times those found in the mother; 
and third, during the first few days after birth, glycogen and 
fat are rapidly depleted. The apportionment of pyruvate in the 
tricarboxylic acid cycle between acetyl coenzyme A and dicar- 
boxylie acid was studied in 57- and 68-day-old fetuses, when the 
fetuses are at the beginning and the height of glycogen and fat 
storage; in 4-hour-old newborns when the rate of fat and glyco- 
gen depletion is highest; at 30 hours after birth when the fat 
concentration is still falling rapidly; at 10 days after birth when 
the fat concentration is still falling but at a very reduced rate; 
and at 30 days after birth when the fat and glycogen concentra- 
tions have stabilized at normal adult values. 


EXPERIMENTAL PROCEDURE 


After injection of pyruvate-2-C™ or pi-alanine-2-C™ into an 
animal, the relative isotope distribution in glutamic acid de- 
pends on the mode of entrance of pyruvate into the tricarboxylic 
acid cycle. Isotope is distributed to carbon 5 of glutamic acid 
by pyruvate-2-C™, entering the cycle as acetyl-CoA-1-C™. Car- 
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bon atoms 2 and 3 are labeled by pyruvate-2-C™, entering the 
cycle as a dicarboxylic acid. Carbon 1 is labeled in both cases 
by recycling and can be ignored when making an estimate of the 
apportionment of pyruvate between acetyl-CoA and dicarboxylic 
acid. The maximal percentage of isotope that would be found 
in carbon 5 under conditions in which all pyruvate enters the 
cycle as acetyl-CoA is 67%, the remainder would be in carbon 
1 (7). 

An interpretation of the isotope distribetion | in glutamic acid 
must consider not only the apportionment of pyruvate between 
acetyl-CoA and dicarboxylic acid, but also the differential dilu- 
tion of these two compounds by unlabeled sources. It is per- 
haps reasonable to assume in our experiments with well fed 
animals that pyruvate is the major source of dicarboxylic acid 
in the tricarboxylic acid cycle. However, the acetyl-CoA label- 
ing in glutamic acid is certainly diluted by acetyl CoA derived 
from fatty acids (7). The labeling of carbon 5 by pyruvate-2- 
Ci, therefore, is the result of two processes; the apportionment 
of pyruvate and fatty acid oxidation. 

In the present study two pregnant guinea pigs were given 
intraperitoneal injections of pt-alanine-2-C™ (100 ne per kg of 
body weight), one on the 57th day of the gestational period, 
the other on the 68th day (term). The animals were killed by 
cervical dislocation 1 hour after injection. The maternal livers, 
fetal livers, and placentas were excised and hydrolyzed in HCl. 
The placentas from a litter were pooled as were the fetal livers. 
Glutamic acid was isolated from the hydrolysates and degraded. 
The isotopic content of each carbon atom was measured (7). 

Similarly, pt-alanine-2-C was injected intraperitoneally 
(300 ue per kg of body weight) into four littermates. One animal 
was treated at the age of 4 hours, another at 30 hours, another 
at 10 days, and the last at 30 days. One hour after injection, 
these animals were killed by decapitation; livers were excised 
and hydrolyzed in HCI. The glutamic acid was isolated and 
analyzed as before (7). 

Guinea pigs were obtained from our own inbred colony main- 
tained on ad libitum feedings of pellets (protein, 18%; fat, 3%; 
carbohydrate, 62%) fortified with ascorbic acid and supple- 
mented with a daily ration of fresh green vegetables. All ani- 
mals used in these experiments were well fed and had eaten 
within the hour before the injection of isotopically labeled p1- 
alanine. Their stomachs were full of ingested material at the 
time of death. The stomachs of the 4- and 30-hour-old animals 
contained milk obtained by nursing. The 10-day-old animal 
subsisted largely on pellets and green vegetables. The 30-day- 
old animal had been weaned at 20 days of age. 
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Pyruvate Tricarborylic Acid Cycle Vol. 236, No. 12 
label in carbon 5 dropped to 20% in 4 hours and fell to 7% at 
30 hours. This shift in the isotope distribution after birth is 
accompanied by a rapid depletion of the glycogen and fat stores 
(9). 

The change back toward acetyl-CoA formation takes place 
more slowly but seems to be completed by 30 days. The isotope 
in carbon 5 reached 21% by 10 days and 60% by 30 days. | 

In maternal liver, approximately 50% of the radioactivity in | 
glutamic acid was found in carbon 5, indicating the predominant ) 
utilization of pyruvate in the tricarboxylic acid cycle as acetyl. : 
CoA. This value is comparable to that found in well fed, non- | 
gravid adult rats (7). In placenta, the percentage of radioac. ) 
tivity in carbon 5 was in the same range as in maternal liver, } 


Fetal age was determined on the basis of crown to rump 
length and weight and reference to Drapers’ table (11). Di- 
Alanine-2-C" was purchased from Isotope Specialties, Inc. 


RESULTS 

The distribution of isotope in glutamic acid isolated from 
livers at various stages of development is given in Table I. In 
fetal liver, the distribution of isotope indicates that the appor- 
tionment of pyruvate in the tricarboxylic acid cycle between 
acetyl-CoA and dicarboxylic acid is predominantly to acetyl-CoA 
and is about the same at the beginning (57 days) and at the 
height (68 days) of glycogen and fat storage. Carbon 5 con- 
tained over 50% of the radioactive label and carbon atoms 2 
and 3 less than 30% at both of these fetal stages. 

In newborn liver, the isotope distribution indicates that there 
is a rapid change at birth in the apportionment of the pyruvate 
entering the cycle toward dicarboxylic acid formation. The 


The specific activities of carbon 5 and carbon atoms 2 and 3 
of glutamic acid isolated from the postnatal stages are given in 
Table II. The specific activities of carbon atoms 2 and 3 are 
roughly proportional to the rate of fat depletion, being highest 


TABLE I 


Isotope distribution in glutamic acid isolated from guinea pig liver 
and placenta after injection of pt-alanine-2-C™ 


at 4 hours, slightly less at 30 hours, and much lower at 10 and 
30 days of age. This suggests that the rate of dicarboxylic acid 
formation from pyruvate in the postnatal period is proportional 
to the rate of fatty acid oxidation. 

As expected, the specific activities of carbon 5 in the postnatal 


Radioactivity in each carbon atom stages do not change reciprocally in any exact way with the 

Source of glutamic acid Sum __ Specific activities in carbon atoms 2 and 3. This is so presuma- 

1 ee ee bly because the acetyl-CoA derived from pyruvate and entering 

the at — various 

i 5 stages by un acetyl-CoA from fatty acids. dilution 

— — — — 1 — wi ose fhe 99 seems to be most marked at the age of 30 hours when, indeed, 
Liver of peataatel stagest the rate of fat oxidation is highest (9). 

10 | 30 | 35 | 2 20 97 
o 9 33 48 0.5 7 98 DISCUSSION 
12 26 36 1 | 21 96 

— ͤ ͤ ooo 14 8 13 2 60 97 Previous work has suggested that fasting causes a shift in the 

apportionment of pyruvate in the tricarboxylic acid cycle of 

Maternal liver, 57 days...... 15 11 17 1 55 99 liver from acetyl-CoA to dicarboxylic acid (7, 8). The present 

Maternal liver, 68 days study indicates that the same shift occurs in well fed animals at 

(term)... 20 44 birth (Table I). This sudden change in the mode of pyruvate 

Placenta, 57 days“ te — 14 72 5497 utilization during development is accompanied by a rapid deple- 

Placenta, 68 days (term)*....| 21 a tion of glycogen and fat, and it would seem that the large glyco- 


* Pooled organs of littermates. 
t Each stage is a single animal. The four postnatal stages are 


littermates. 


TABLE II 

Specific radioactivity of glutamic acid isolated from guinea pig liver 

pL-Alanine-2-C™, 300 we per kg of body weight, was injected 
intraperitoneally into individual animals of the same litter at 
different ages. For these animals, the ratio of the body weight 
to liver weight averaged 30 and varied by less than 10%. An 
average of 0.15 mmole of glutamic acid was isolated per g of liver 
with less than a 10% difference among individuals. 


gen stores in the newborn are being utilized, at least partly, to 
increase the mass of tricarboxylic acid cycle intermediates and 
make possible a higher rate of fatty acid oxidation. The change 
at birth in the mode of pyruvate utilization in the triearboxylie 
acid cycle is one of many biochemical changes that occur in 
mammalian liver during the transition from fetal to extrauterine 
life (1-6). 

The mechanisms that control the apportionment of pyruvate 
in the tricarboxylic acid cycle are a matter of conjecture. There 
are a number of enzymes in adult liver that can carry out the 
carboxylation of pyruvate to a four carbon compound. Ab- 
sence or low activity of the necessary enzyme in fetal liver with 
a rapid rise in activity in the newborn could explain the shift to 


Radioactivity dicarboxylic acid formation at birth. A low cofactor concen- 

Age Weight of liver tration for any of the necessary enzymes could also limit dicar- 

Trout cad? Carbon 5 boxylie acid formation in fetal liver. It is of interest that the 

TPNH concentration in fetal guinea pig liver is very low (25 to 

|) ee |) or N 50 ug per g of tissue) and increases to adult levels (250 ug per g 

— 4 2 — — 40 Pk tissue) within 1 day after birth (3). TPNH is a necessary 

30 hours 766 620 57 4.4 1 th f uae cian and is le 
10 days. 351 218 74 8.2 

30 days 0 55 156 15.7 cated largely in mitochondria (12). The rise in TPNH concen- 

, tration in the newborn may. be a necessary event in the shift 


* 
* 


Sea |. 


— 


2858 


SS FAA S 5 FFS 28 


December 1961 


A. D. Freedman and A. M. Nemeth 


towards dicarboxylic acid formation at birth and in the develop- tion from pyruvate in liver seemed to be proportional to the 
ment of a mechanism to regulate the mode of entrance of pyru- rate of fatty acid oxidation. 


yate into the tricarboxylic acid cycle. 

Another mechanism depending on the concentration of a co- 
factor is suggested by the pyruvate carboxylating system 
described by Utter and Keech (13). This enzyme requires 
acetyl-CoA as a cofactor. Perhaps in the newborn a rise in the 
acetyl-CoA concentration resulting from fat breakdown in- 
creases the activity of this system. In our experiments, the 
rate of dicarboxylic acid formation from pyruvate seemed to be 
proportional to the rate of fatty acid oxidation (Table II). A 
regulatory mechanism in which pyruvate carboxylation is con- 
trolled by the acetyl-CoA concentration is attractive because 
it links the availability of dicarboxylic acids to the rate of 
acetyl-CoA formation from fat. 


1. The apportionment of pyruvate entering the tricarboxylic 
acid cycle between acetyl coenzyme A and dicarboxylic acid was 
estimated at different stages of development in guinea pig liver 
in vivo. In fetal and adult liver, pyruvate was found to enter 
the tricarboxylic acid cycle largely as acetyl coenzyme A, in the 
newborn largely as a dicarboxylic acid. 

2. In the newborn period, the rate of dicarboxylic acid forma- 
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The conversion of fructose 6-phosphate to glucose 6-phosphate tion, fructose-6-P was determined by the less specific colorimetric 
catalyzed by phosphoglucose isomerase in D,O is known to result assay for keto-sugars (4). 
in the incorporation of deuterium at C-2 (1). From the fact Deuterated (and tritiated) forms of glucose-6-P and fructose. 
that the deuterium content of the product was close to that of 6-P were prepared as described in the text. When these com- 
the medium it has been assumed that direct transfer of hydrogen pounds also contained Ci, glucose-I-C was first converted to 
from C-1 of fructose 6-phosphate did not occur. The experi- glucose-6-P with purified yeast hexokinase and ATP, and this 
ments reported will show that such a transfer does occur, that product was incubated in D:O with isomerase as described for 
under certain conditions the extent of direct transfer may the usual preparation of the deuterated compounds. 
greatly exceed the incorporation from the medium, and that the Periodate oxidation of 6-P-gluconate was done in 0.05 x 
transfer represents a net shift of H from C-1 to C-2 of the same H,SQO, in order to limit the further oxidation of the glyoxylie acid 
substrate molecule. The data are interpreted in terms of the formed. The fructose-6-P was oxidized with NaIO, at neutral 
usually proposed ‘‘enediol” mechanism for keto-aldehyde isom- pH. Glycolate and glyoxylate were isolated by ion exchange 
erism and are thought to provide information concerning the chromatography and assayed colorimetrically (5, 6). Radio- 
basic group on the enzyme which attacks the a-hydrogen of the activity was determined by liquid scintillation counting (7). 


substrate. 
RESULTS 


— Preparation of Tritiated and Deuterated Substrates In order to 

Phosphoglucose isomerase preparations from three sources attain isotopic equilibration between the reactants and the 
were examined in these studies. The preparation of Tsuboi et tritiated water of an incubation medium it was necessary to use 
al. (2) from human red blood cells was taken through step D, prolonged incubations. A mixture containing 100 me of tritiated 
specific activity 9 units per mg of protein. The preparation of water and 200 uwmoles of glucose-6-P, free of barium, was adjusted 
Slein et al. (3) from rabbit muscle was taken through step 7, to pH 8 in a total volume of 0.50 ml. Muscle isomerase (16 
specific activity 80 units per mg of protein. Crystalline phos- units) was added and the solution placed at 25° for 10 hours. 
phoglucose isomerase from yeast was obtained from Boehringer The solution was evaporated in a vacuum and the residue was 
and Son, specific activity 390 units per mg of protein. The dissolved in 1 ml of 0.2 N HCl and dried again. The residue 
stated specific activities are those obtained at the time of prepara- was dissolved, neutralized in the cold with dilute triethanolamine, 
tion or purchase. A unit of enzyme is defined as that amount and treated with a slight excess of barium acetate to precipitate 
which results in the production of TPNH at a rate of 1 wmole the glucose-6-P as the barium salt of the heptahydrate. After 
per min in the following assay: A total volume of 1 ml contains allowing several hours for crystallization, the precipitate was 
0.5 umole of fructose-6-P, 5 umoles of MgCl, 100 wmoles of washed with cold water, dissolved in dilute HCl, carefully 
triethanolamine-Cl buffer, pH 8.0, 0.5 umole of TPN, and at neutralized in the cold and allowed to recrystallize. The super- 
least 0.5 unit of glucose-6-P dehydrogenase. The rate of reaction natant solution from the first crystallization was used for the 
was proportional to the amount of isomerase in the range 0.002 preparation of tritiated fructose-6-P which was fractionated 
to 0.02 unit. A unit of the dehydrogenase is defined in the same first on Dowex 1-borate (8) and then after removal of borate (8), 
way but with 0.2 wmole of glucose-6-P in the assay instead of refractionated on Dowex 1 (Cl-) by elution with 0.025 & HCl. 
fructose-6-P. No reduction of TPN was found in such an assay The specific activities of the isolated compounds and water were: 
with mannose-6-P instead of fructose-6-P, indicating the absence Glucose-6-P, 83,000 c.p.m. per umole; fructose-6-P, 83,500 c.p.m. 
of mannose-P isomerase in these preparations. Furthermore, per umole; and water, 86,500 c.p.m. per natom of hydrogen. 
added glucose-6-P dehydrogenase (Boehringer) was necessary to That only one hydrogen becomes affixed to the substrates is in 
obtain TPN reduction, indicating the absence of this enzyme in agreement with earlier results (1) with phosphoglucose isomerase 
the three preparations of phosphoglucose isomerase. andi is consistent with the complete specificity of attack on only 

Glucose-6-P was analyzed spectrophotometrically with glu- one of the C-1 hydrogens of fructose-6-P (9). 

cose-6-P dehydrogenase. Fructose-6-P was determined by the When preparations of the deuterated compounds were made, 
difference between the amount of TPN reduced in the presence a trace of tritiated water was included with the D. O so that the 
of phosphoglucose isomerase plus glucose-6-P dehydrogenase and attainment of deuterium equilibration could be established by 
that produced with glucose-6-P dehydrogenase alone. In addi- means of the tritium tracer. Control experiments were per- 
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formed to establish that there was no decrease in the specific 
activity of the tritiated compounds when treated by the tech- 
niques used in their purification. 

The following evidence was obtained to indicate that the 
tritium was located only in the C-2 position of the glucose-6-P. 
The glucose-6-P was oxidized to 6-phosphogluconate (10) and 
this was converted to glyoxylate by periodate oxidation. All of 
the three compounds had the same specific activity to within 
5%. A direct periodate oxidation of the tritiated fructose-6-P 
gave rise to glycolic acid which had the same specific activity as 
the starting compound, thus establishing that all of the tritium 
was in the C-1 position of the fructose-6-P. 

Demonstration of Tritium Transfer in Going from Fructose-6-P 
to Glucose-6-P—A mixture was made containing glucose-6-P (26 
pmoles) and fructose-6-P ,1-7' (138 umoles, 207,000 e. p. m.) as 
barium salts and adjusted to pH 8.0 with triethanolamine, in a 
total volume of 2.5 ml. To 0.5 ml of this was added 50 umoles 
of the barium salt of glucose-6-P dissolved in dilute acid. The 
barium salt of glucose-6-P was crystallized from the neutralized 
solution and recrystallized. The radioactivity in this material 
was used as a measure of the content of tritium in the glucose-6-P 
of the original mixture. The total number of such counts in the 
remaining 2.0 ml of solution would have been 590 cpm of the 
total 166,000 c.p.m. present. After this solution had begun to 
yield crystals of the barium salt of glucose-6-P in the cold, 1.6 
units of muscle isomerase were added and incubation was con- 
tinued for 2 hours at 25° after which the crystals formed were 
recovered, dissolved, and reformed. The specific activity ob- 
tained was 645 c. p. m. per umole and 45 wmoles were recovered. 
The supernatant fluid and wash of the crystals were pooled and 
put through a Dowex 1-(Cl-) column. Of the 166,000 e. p. m. 
present, 84,000 c.p.m. were not retained by the resin. If the 
$2,000 e. p. m. not exchanged are assumed to be distributed among 
the 131 umoles of glucose-6-P that could have been formed in 
the incubation, the predicted specific activity would be 626 
¢.p.m. per umole. The glucose-6-P was next oxidized with I, 
to 6-phosphogluconate (10). This was isolated as the barium 
salt insoluble in 66% ethanol and had a specific activity of 645 
e. pm. per umole. This was in turn oxidized with HIO, and the 
glyoxylic acid recovered was found to have a specific activity of 
635 ¢.p.m. per umole. From these data it may be concluded 
that the fructose-6-P was converted to glucose-6-P with the loss 
of about half the tritium to the medium and the transfer of the 
remainder to C-2 of the product. 

Determination of Relative Magnitude of Exchange and Transfer 
—To study the comparative rates of the two processes the follow- 
ing procedure was used. Fructose-6-P containing Tat C-1 was 
incubated with rate-limiting amounts of isomerase and excess 
glucose-6-P dehydrogenase plus TPN. In this way, formed 
glucose-6-P was immediately converted to 6-P-gluconic acid in 
which form it was no longer subject to detritiation. Two sam- 
ples were removed at each of several percentages of complete 
reaction. One such sample was used to determine tritium ex- 
changed into water as the counts not retained by Dowex 1 (CI-). 
The other was treated with acid to inactivate the enzymes, 
neutralized, and excess isomerase was added to detritiate any 
fructose-6-P remaining. The radioactivity retained by a Dowex 
1 (Cl-) column after such a treatment was a measure of the 
counts in 6-P-gluconate and hence of the tritium transferred. 
This was shown to be the case since a sample removed at 100% 


TABLE I 
Ratio of exchange to transfer 

Fructose-6-P,1-T (about 0.15 mu, 83,000 e. p. m./amole), TPN 
(0.6 mm), MgCl; (4 mu), triethanolamine-Cl- (20 mm, pH 7.7) 
and glucose-6-P dehydrogenase (1.7 units per ml) were incubated 
at 27° with about 0.01 unit phosphoglucose isomerase from various 
sources in three experiments: (1) human red cells, (2) rabbit mus- 
cle, and (3) yeast. Two samples of 0.5 ml were removed at 0 
minutes and after various extents of reaction as determined by 
TPNH formation. To one of each pair was added 3 ꝝmoles of 
HgCl, to stop the reaction and this sample was used to determine 
counts not retained by Dowex 1 (CI-) on a short column, i. e., 
exchanged counts. The other sample was acidified to inactivate 
the glucose-6-P dehydrogenase, neutralized, and treated with 1.6 
units of muscle isomerase at 37° for 10 minutes. It was then put 
on a Dowex 1 (Ci) column to determine, by acid elution, counts 
retained by the resin, i.e. transferred counts. 


Exc 
Experiment TPNH _Estent of Tritium in Tritium in hange 
mumoles % mumoles/ ml mumoles/ ml 

1 32.4 23 5.5 5.8 0.95 
64.8 46 12 12.3 0.97 

141.8 100 65.6 66.6 0.98 

2 32 24.6 5.4 7 0.77 
64 49.2 12 15 0.80 

130 100 54.7 72.4 0.76 

3 32.4 19 6.5 4.3 1.50 
64.8 38 13.5 7.3 1.80 

168 100 111 56.5 1.95 


reaction was found, on ion exchange chromatography (Dowex 1- 
(Cl), eluted with 0.025 n HCl) to give a single symmetrical 
radioactive peak, separated from fructose-6-P, TPN, and the acid 
degradation product of TPNH. This peak contained all of 
the radioactivity retained on the column and assayed as 6-P- 
gluconate with the purified dehydrogenase (11). In Table I are 
presented data for an incubation with the red cell enzyme. 
The amount of tritium exchanged is almost the same as that 
transferred. Similar experiments using enzymes from muscle 
and yeast (Experiments 2 and 3) also showed appreciable 
amounts of tritium transfer. However, the ratio of exchange to 
transfer differed significantly in the three experiments. 

It will be noted from Table I that the reactivity of the tritiated 
substrate either toward exchange with the medium or transfer 
is much less than that of the normal fructose-6-P in the over-all 
reaction. Thus in Experiment 1, at a time when 23% of the 
fructose-6-P had formed product, only 8% of the fructose-6-P, 
1-T had reacted in both exchange and transfer. This apparent 
discrimination decreases as the remaining substrate becomes 
enriched in the tritiated species. Thus, toward the end of the 
reaction, the rate of appearance of tritium in water and product 
increases. This is shown in the experiment of Fig. 1 in which 
the product of the isomerase reaction with fructose-6-P, 1-T is 
trapped by the glucose-6-P dehydrogenase reaction, as in Table 
I. In this figure, the fraction of those counts appearing in the 
water is plotted against the fraction of net reaction. Eventually 
only 46% of the total counts in the experiment are lost by ex- 
change, but this value is taken as 100% for this figure. The 
data fit best a line plotted from the calculations of Lietzke and 
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FRACTION OF EVENTUAL EXCHANGE 
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FRACTION OF NET REACTION 

Fic. 1. Comparison of the fraction of exchange with extent of 
the net reaction fructose-6-P to glucose-6-P. The incubation 
contained in 10 ml: fructose-6-P,1-T (1.3 zmoles), TPN (2.5 
umoles), MgCl: (50 umoles), triethanolamine, pH 8.0 (200 umoles), 
glucose-6-P dehydrogenase (2 units), and phosphoglucose isomer- 
ase of muscle (0.0065 unit). The incubation was placed at 25° 
and optical density changes at 340 my were recorded as a measure 
of the net reaction. Samples were taken at several time intervals 
for the determination of exchanged radioactivity. To obtain 
the value for eventual exchange, 0.1 unit of isomerase was added 
to 1 ml of incubation solution in which the appearance of TPNH 
seemed complete. The solid line is derived from theoretical 
curves (12) for an isotope effect, kr/ky = 0.36. The dots indicate 
the experimental points. 


TABLE II 
Effect of temperature on ratio of exchange to transfer 
Incubations, similar to those described in Table I, using the 
muscle enzyme were set up at various temperatures. The length 
of each incubation period was determined by the time required to 
convert at least 50% of the fructose-6-P to glucose-6-P and was 
not the same at each temperature. 


Temperature Tritium exchanged 

°C c.p.m./ml c.p.m./ml 

0 1304 6480 0.205 

5 968 3264 0.296 
15 2800 6000 0.451 
25 4480 5292 0.850 
37 5568 4236 1.31 
50 7736 2256 3.44 
60 4320 1400 3.17 


Collins (12) for an isotope effect kr/ky = 0.36. From the shape 
of this curve it is readily seen that at large percentages of reac- 
tion, the amount of tritium exchange will be very sensitive to 
small variations in the extent of product formation. 

Effect of Temperature on Ratio of Exchange to Transfer—Exper- 
iments similar to those in Table I were carried out in the tempera- 


Vol. 236, No. 12 


ture range 0 to 60 (Table II). As the temperature is lowered, a 
smaller portion of the tritium is lost by exchange, being only 
17% at 0°. Above 60° enzyme inactivation is too rapid to allow 
accurate measurements. The increased proportion of exchange 
at higher temperatures is not the result of thermally activated 
enolization of the substrate as shown by nonenzymatic contro] 


_ incubations. In fact the tritiated substrates do not undergo 


detritiation to any significant extent in this temperature range 
and at pH values up to 10. A linear plot of 1/T vs. log (ex- 
change /transfer) is obtained from these data (Fig. 2), from which 
it would seem that an approach to complete exchange would 
require much higher temperatures. At 60° about 75% of the 
tritium is lost by exchange. From the slope of this plot one ob- 
tains a value which is the difference between the activation 
energies of the two processes, exchange and transfer, 8000 cal per 
mole. Also shown in Fig. 2 is an Arhennius plot for the net 
reaction under similar conditions. It is perhaps fortuitous that 
the activation energy for the reaction is also 8000 cal per mole. 
Deuterium Isotope Effects in Net Reaction—The observation of 
discrimination against the tritiated substrate (Fig. 1) led to an 
examination of the deuterated substrates for an isotope effect. 
With the use of the muscle isomerase, rates were measured at 
concentrations of substrate much greater than the K,, values 


LOG ( EXCHANGE/+ ) 
( oy) 907 


(7) #108 


Fic. 2. Arrhenius temperature dependence of the exchange: 
transfer ratio and of the rate of the net reaction fructose-6-P 
to glucose-6-P. The values for the exchange:transfer ratios 
(@——@) are those given in Table II. The values for the rate 
of the net reaction (O——O) are expressed as change in absorb- 
ancy per minute (4 O.D. per minute) with the conditions of the 
standard assay for the isomerase in which initial rates are deter- 
mined spectrophotometrically. The muscle enzyme was used. 
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(10) so that the results obtained represent isotope effects on the 
maximal velocities. The reaction, fructose-6-P to glucose-6-P, 
was followed in the presence of excess glucose-6-P dehydrogenase 
measuring TPN reduction at 340 ma. Deuterated fructose-6-P 
reacted at 45% the rate of the normal substrate. The reaction, 

-6-P to fructose-6-P was followed with the colorimetric 
test (4). The deuterated substrate reacted at 50% the rate of 
the natural substrate. 

It was of interest to determine the rate of reaction of glucose- 
6-P ,2-D in the presence of an excess of normal glucose-6-P. To 
do this glucose-6-P ,2-D,1-C™ was mixed with 26 times the 
amount of glucose-6-P. The mixture was recrystallized 4 
times as the barium salt to reduce the contamination with fruc- 
tose-6-P to less than 0.1%, as determined by enzymatic assay. 
This glucose-6-P was then incubated with muscle enzyme in the 
presence of borate (13), which was added to shift the equilibrium 
ratio fructose-6-P :glucose-6-P from 0.3 to 0.79 in these experi- 
ments. Samples were removed during the course of the reaction 
and fructose-6-P isolated and its specific activity determined. 
It was of interest to compare the specific activity of fructose-6-P 
obtained at early times with that of the glucose-6-P in order to 
determine the relative rates of reaction of the two species when 
both were present. As seen from Table III, the normal species 
reacted on the average at 1.86 times the rate of the deuterated 
glucose-6-P when the two forms were in competition for the 


enzyme. 

Evidence for Intramolecular Character of Transfer Reaction— 
The observed difference in kinetic behavior of normal and 
deuterated glucose-6-P in the isomerase reaction is the basis for 
the method used to show that fructose-6-P ,1-D,1-C™ (inter- 
nally doubly labeled) in the presence of a large amount of normal 
fructose-6-P, is converted to glucose-6-P in which C™ and deu- 
terium are distributed as would be predicted for intramolecular 
transfer. If, as shown in Table III, glucose-6-P ,2-D reacts as 
an average at 1/1.86 = 0.538 times the rate of the normal sub- 
strate it is only necessary to know the specific radioactivity of 
fructose-6-P formed during early stages of the isomerase reaction 
to know the distribution of C between normal and deuterated 
substrates. The equations for such a calculation are now de- 
rived. 

Normal and deuterated substrates of concentrations S and S’ 
form a mixture of molecules in which C1 is distributed to give 
initial specific activities A, and 4... The two substrates form 
product at the rate v and v’ when they are present in the mixture. 
The expression for the ratio v/v’ has been derived previously 
(14) in terms of the kinetic constants for each substrate alone, 
equation (1). From this it follows that the quantity vS’/v’S is 
4 constant, here called Z. The specific activity of the product 


(1) 


— 
equation (2). Multiplying numerator and denominator by 


v 
4 2 
175 


/s gives equation (3). 


Tanz III 
Competition between glucose -C- P and glucose-6-P ,2-D 
in isomeruse reaction 

Glucose-6-P ,2-D,1-C"* was diluted 27-fold with glucose-6-P and 
recrystallized 4 times, specific activity 890 c.p.m. per umole. 
Two equivalent experiments, using this material, were run on 
different occasions: Experiment 1. 120 moles of glucose-6-P 
and 920 moles of Na:B,0;, adjusted to pH 8.0 in 12 ml were incu- 
bated at 37° with 1 unit of muscle isomerase. Samples were taken 
at 7 and 14 minutes as noted and the content of fructose-6-P was 
determined colorimetrically. To the remaining incubation (3 
ml), 2 units of enzyme were added and after 30 minutes, sufficient 
to equilibrate the reactant and product isotopically, 44% of the 
glucose-6-P was found as fructose-6-P. Experiment 2 was similar 
to above. Fructose-6-P was isolated from all samples by ion ex- 
change methods. 


Time of Fructose-6P a 
Experiment sampling | Slucose-OP — activity | early 
min % c. . / moe 
1 7 7.8 497 1.79 
14 12.8 445 2.00 
45 44° 890 
2 10 13 491 1.81 
20 26 484 1.84 


* 44% represents the amount of glucose-6-P found as fructose- 
6-P after equilibration. 


4. 3 24. 
(3) 
gt? 

The value of Z is determined in the experiments of Table III in 
which A, = 0, S’/S = 1/26 and the final specific activity of the 
product, A,, is given by A, = S’A,'/(S + S’). Applying these 
values to equation (3) and by using the average experimental 
value for the ratio A;/A; = 1.86, the characteristic constant Z = 
1.89 is obtained. 

In the general case, in which the radioactivity is present in 
both S and &' it is possible to determine its distribution from the 
experimental ratio A;/A,. Let z = the fraction of Ci present 
in S’ at the start of the reaction. Then, 


S’Ay 
S’Ay + SA,’ 


+ 80 
Ss’ * 


Ay = 


(i — z)-A;- ($8 + 870 
8 


Inserting these values of A, and ., in the general equation (3), 
results in the final equation (4). 


A, = 


(4) 


3089 
v 
4, 8 
1 (4) 


Table IV describes the results of two experiments in which 
fructose-6-P , 1-D ,1-C™, diluted 23-fold with normal fructose-6-P 
was first converted, at 20° and 0°, to glucose-6-P in the presence 
of barium ion, in order to trap the product; and the purified 
glucose-6-P was then analyzed to determine the distribution of 
C™ between normal and deuterated species. The values of z 
obtained are less than 1 indicating the presence of some Ci“ in 
the nondeuterated species; however, this is an amount which 
would be expected from the data on exchange of tritium from 
fructose-6-P ,1-T during the enzymatic reaction at these tem- 
peratures. The distribution of Ci to be expected if the transfer 
of deuterium were intermolecular would be given by x = 1/23 = 
0.044. 


DISCUSSION 


The demonstration of transfer of hydrogen between reactant 
and product in reactions in an aqueous environment is generally 
interpreted as evidence for the participation of a hydride ion or a 
hydrogen atom as the transferred species. The occurrence of 
exchange with hydrogen ions of the medium is not consistent 
with either of these and would usually be assumed to indicate a 
second, independent mechanism. With enzymatic catalyses, 
however, the occurrence of parallel reactions catalyzed by a 
single enzyme seems improbable. The possibility that the hy- 
drogen transferred may be bound to a group on the protein at 
some stage of the reaction might provide the solution of this 
conflict consistent with either a proton shift or a hydride shift. 
Proton transfer to a basic group on the enzyme would provide a 
mechanism comparable to that proposed for the base catalyzed 
Lobry de Bruyn transformation (15). Exchange would then be 
assumed to occur between H,O and the conjugate acid of the 
C—H bond-rupturing base. This exchange may not be in- 
stantaneous or it may be that free access of the site to water 
is somewhat limited. The intermediate would contain the 
substrate as an enediol. Since full stereospecificity of tritium 
labeling from the medium is found in fructose-6-P it is clear that 
any enzyme-enediol intermediate would not be free to dissociate. 
Thus, the enediol may constitute a steric barrier to the diffusion 
of water, as may a particular folding of the protein. The con- 
jugate acid group on the enzyme must then transfer its hydrogen, 
part of which will have exchanged, to either C-1 or C-2 of the 
bound enediol. 

There is, at present, no data that would allow one to distin- 
guish between this enediol mechanism and an oxidation-reduc- 
tion mechanism in which a group on the isomerase molecule is 
reduced by the hydride ion originating from the substrate. In 
such a mechanism, the hydrogen would undergo limited exchange 
with the water before being transferred to the oxidized inter- 
mediate, glucosone-6-P, and either regenerate the substrate or 
produce the product. One may prefer the enediol mechanism 
since it is a natural consequence of polarization of the a-carbony] 
group and it provides a common basis for considering other 
examples of a-hydrogen activation such as the aldolase condensa- 
tion and pyruvate-phosphokinase reactions which involve loss of 
a proton without oxidation. 

If we tentatively accept the enediol mechanism one can draw 
certain conclusions regarding the geometry of the enediol. As 
suggested in an earlier report (9), the available data concerning 
‘the stereospecificities of the four isomerases: phosphoglucose 
isomerase, phosphopentose isomerase, triose-P isomerase, and 
phosphomannose isomerase are consistent with a common 
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geometry for the suggested enediol bound to the enzyme. If 
the hydrogens that will occupy C-1 or C-2 approach from oppo- 
site sides of the plane of the enediol, the absolute configuration 
of the products would require that a trans-enediol be involved, 
If the hydrogens approach from the same side, a cis-enediol is 
required. The demonstration of an intramolecular hydrogen 
transfer can best be interpreted as attack by a single conjugate 
acid group on either C-1 or C-2 and so requires that the inter- 
mediate be closer to a cis-enediol. 

The experiments which demonstrate that deuterium was trans- 
ferred from C-1 to C-2 of the same molecule rule out mechanisms 
in which an intermediate, having lost its hydrogen to the enzyme, 
is free to dissociate from the protein and those in which the sub. 
strate is protonated at the carbonyl- carbon by an acid group on 
the enzyme at the same time that the a-hydrogen is removed by 
a basic group. In addition, these data provide evidence about 
the nature of the attacking base in the enediol mechanism. Since 
the enzyme concentration is much smaller than that of the sub- 
strate, the enzyme will have turned over many times in the 
course of the measured reaction. If the activating basic group 
of the reaction site of the enzyme were, for instance, an e- amino 
group of lysine, it would have acquired and lost the hydrogen of 
the substrate many times through the reaction sequence in equa- 
tion (5). Assuming free rotation of the e NH; “ group around 


H—N—H 
H-N—H R- — H-N—H + product. (5) 
Enz. Enz. 


the C—N bond and, therefore, an equal chance for the three 
hydrogens to be transferred in the second step, one would expect 
the amino-hydrogens to have the same deuterium content as the 
substrate C-2 position, namely 1 deuterium per 23 atoms in the 
experiments reported in Table IV. The conjugate acid derived 
from attack of the enzyme on a particular molecule of fructose- 
6-P having both Ci“ and deuterium would have an average atom 
percentage excess for the three hydrogens of the resulting am- 
monium group of 1/3 (1 + 2-1/23) = 0.363. This dilution sets 
a limit of 0.363 on the fraction of C that can be associated with 
deuterium in the glucose-6-P formed. This calculation ignores 
both exchange at the conjugate acid stage and any isotope effect 
selecting against the transfer of deuterium relative to hydrogen 
in the step from the conjugate acid to the enediol. Both of these 
phenomena would reduce the fraction of intramolecular double- 
labeling further. Similar considerations pertain to a base with 
one exchangeable hydrogen. On the other hand, for a base with 
no exchangeable atoms, the exchange must occur exclusively in 
the conjugate acid form and, therefore, before transfer. Con- 
sequently, it is necessary to correct for loss of deuterium by 
exchange in making this calculation. Since there is no reason 
for expecting the exchange:transfer ratio to be different with 
deuterium, the values obtained from comparable experiments 
with tritiated fructose-6-P are used. To provide a more direct 
evaluation of the effect that dilution of deuterium in the con- 
jugate acid would have on the early specific activity of the 
product, the observed data from Table IV and the values cal- 
culated for a base with 0, 1, and 2 equivalent hydrogens are 
given in Table V. The results can be interpreted best in favor 
of a base which has no exchangeable hydrogens, i. e. a carboxylate 
group or the nonprotonated nitrogen of an imidazole group. 

It remains to explain the failure of Topper to observe hydrogen 
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transfer in his experiment (1) in which fructose-6-P was incu- 
bated with muscle isomerase in D,O (95.7 atom per cent) in the 
presence of barium ions. The glucose-6-P was found to contain 
0.91 atom deuterium per mole. The explanation may be that 
the reactants had equilibrated with the D,O before the barium 
salt of glucose-6-P had precipitated. Topper makes no mention 
of the amount of enzyme used in this experiment, which makes it 
impossible to evaluate this suggestion. As the present work 
indicates, it is important in cases in which both transfer and ex- 
change may be occurring to measure isotope distributions at 
times long before equilibrium has been reached. This has the 
disadvantage, when one is working with D:O-H :O mixtures, of 
allowing isotope discrimination to influence the results. This is 
always a problem when using tritiated water. A minimal pre- 
caution would seem to be the use of D- or T-substituted sub- 
strates to test for hydrogen transfer directly. 

Similar experiments (16) with triosephosphate isomerase 
starting with tritiated dihydroxyacetone-P failed to reveal any 
transfer of tritium to the glyceraldehyde-3-P produced. It may 
be, however, that the intermediate conjugate acid group is much 


TABLE IV 

Demonstration of intramolecular nature of transfer reaction 

In the first part of Experiment 1, a mixture was made which 
contained 10 zmoles of fructose-6-P,1-D,1-C™ (220,000 e. p. m. 
and about 99% D in the isomerase-activated position at C-1), 218 
pmoles fructose-6-P and 39 wmoles glucose-6-P all as barium salts, 
pH adjusted to 8.0 with triethanolamine. Crystals of Ba glucose- 
6-P were permitted to form before adding 3 units of muscle isomer- 
ase. The suspension was incubated at 20° for 2 hours. The crys- 
talline product was recrystallized, barium removed from it, and 
the glucose-6-P used in the next part of the experiment. Incu- 
bate at 37° in 4.0 ml, 150 moles of glucose-6-P prepared above 
(specific activity, 765 c.p.m./umole) with 680 umoles of Na: B. O; 
at pH 8 and 1.6 units of muscle isomerase. Samples were taken 
at 30 and 100 minutes after 16.6 and 27.5% of the glucose-6-P had 
been converted to fructose-6-P. Excess enzyme was added to 
the remainder and sufficient time allowed to achieve equilibration 
(33% conversion under these conditions). The samples were 
treated by ion exchange for isolation of fructose-6-P. 

Experiment 2 was conducted in the same way with the following 
exceptions. The conversion to glucose-6-P was done at 0°. The 
glucose-6-P isolated was recrystallized 4 times and had a specific 
activity of 862 c.p.m. per wymole. The conditions used for its 
conversion to fructose-6-P were: glucose-6-P (10 mm), Na:B,0; 
(82 mm), pH 8.0, and 0.6 unit of muscle isomerase per ml. A sam- 
ple was taken at 14.4% conversion. 


— | Exchange 
Experiment | , Specific | Extent of | 6 P specific | ated with by by 
slucose-¢-P sctivity — 


— — 


% 
0.69 31 39 


0.81 19 16.7 


* (1-z)100 

* Approximated from Table II for 20° and 0°. 

Samples obtained after equilibration, A,. 

‘ Corresponds to z in equation (4). Calculated using Z = 1.89 
and 8/8 either 0.024 or 0.032 in Experiment 1 or 2, respectively. 


TaBLe V 
Effect of base with 0, 1, or 2 hydrogens on specific activity of 
initially formed fructose-6-P 

The data of Table IV are tabulated again. To calculate the 
early specific activity, A;, for the case of the enzyme site with an 
attacking base with 0, 1, or 2 equivalent hydrogens, equation (4) 
is solved for A; with the values of z which would correspond to the 
particular model under consideration. Thus, with a base of 0, 
1 or 2 hydrogens, the value of z would be 1, 0.522, or 0.363, respec- 
tively. The existence of exchange requires that the value of z 
be modified in the case of the base with no protons, as discussed in 
the text. The correction here is dependent upon temperature 
and as derived from Table II would give z = 0.61 and 0.83 at 20 
and 0 C, respectively. 


A 4. Calculated early specific activity 
Equilibrium Ear with a base hydrogen 
Experiment specific cific ‘ 
activity of | of fructose- 
fructose-6-P 6-P a=0 | a=1 | a=2 
c.p.m./pmoles |c.p.m./pmoles c.p.m./pmoles 
1 765 522 545 590 635 
2 810 526 524 644 709 


more accessible for exchange with the medium in the triosephos- 
phate isomerase mechanism. 
SUMMARY 

In agreement with previous work it is found that the inter- 
conversion of glucose 6-phosphate and fructose 6-phosphate by 
the enzyme phosphoglucose isomerase in tritiated water results 
in the incorporation of 1 atom of tritium into each of the two 
compounds. The implication that retention of hydrogen in 
going from substrate to product does not occur was not borne 
out since it was found that fructose 6-phosphate ,1-T formed a 
considerable amount of glucose 6-phosphate ,2-T. The fraction 
of the tritium that is retained was greatest at low temperatures. 

The observation was made, using deuterated substrates, that 
the net reaction in either direction occurs with a primary isotopic 
effect. With the use of this information a method was designed 
for determining whether or not the transfer of hydrogen occurred 
within the same molecule or between substrate molecules. The 
hydrogen migration was found to be intramolecular. The results 
were interpreted in terms of an enediol mechanism in which a 
basic group associated with the active site of the enzyme attacks 
the hydrogen a to the carbony! group of the substrate, forming a 
conjugate acid-enediol intermediate which would form product 
by a second proton migration. Evidence bearing upon the 
geometry of the enediol and the nature of the basic group at the 
active site of the enzyme is discussed. 
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The metabolism of carbohydrates by leukocytes has been the 
object of intensive study during the past decade. The presence 
of the Embden-Meyerhof and the pentose phosphate pathways in 
various types of leukocytes from different species has been 
demonstrated by identification of certain enzymes and inter- 
mediates (1-3) and by isotope experiments (4). Sbarra and 
Karnovsky (5) have obtained evidence that phagocytosis by 
polymorphonuclear leukocytes of guinea pigs requires glycolysis. 
Fructose utilization (6) and galactose (7) utilization have also 
been shown to occur in human leukocytes. Although the 
metabolic route of these carbohydrates is not yet clearly eluci- 
dated, it is of interest that in one diseased state, galactosemia, 
leukocyte metabolism reflects the genetic defect of the susceptible 
host (7). 

In a previous report from this laboratory (8), a highly asym- 
metrical distribution of C was observed in the glucose units of 
glycogen when 2 and 3 carbon substrates were metabolized by 
polymorphonuclear leukocytes from rabbit. Approximately 80 
to 90% of the labeling was found in carbons 4, 5, and 6. A 
transaldolase exchange mechanism was postulated to account for 
this distribution (9). The almost exclusive labeling of the 
bottom half of the glucose moiety also indicated that the leuko- 
cyte possesses little, if any, fructose-1 ,6-diphosphatase activity. 
Additional support for this view has been presented by Noble et 
al. (10). 

In the present study, the metabolism of specifically labeled 
glucose-C™ and galactose-C™ has been investigated in vitro with 
polymorphonuclear leukocytes from rabbits. Glycogen and 
glycerol of the cells and lactate of the medium were isolated and 
the C-distribution pattern in these metabolites determined by 
degradation. Portions of this work have been reported in 


preliminary form (11). 
EXPERIMENTAL PROCEDURE 


Serum and leukocytes were obtained from male rabbits as 
described by Noble et al. (8). Radioactive hexoses were obtained 
from Dr. H. S. Isbell of the National Bureau of Standards, and 


the glucose-3 ,4-C' was a generous gift of Dr. C. H. Wang of 
Oregon State University. All experiments were performed at 37° 
for 4 hours under 95% oxygen and 5% carbon dioxide in silicon- 
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tional Cancer Institute, National Institutes of Health, United 
States Public Health Service, and a grant from the Cuyahoga 
unit of the American Cancer Society. The Cid was obtained on 
allocation from the Atomic Energy Commission. 


ized Erlenmeyer flasks provided with single side arms. The 
reaction was terminated by the addition of dilute sulfuric acid to 
give a final concentration of 0.02 & acid. The cells were 
separated by centrifugation and washed with Hank’s buffer at 0°. 
This treatment resulted in a minimal loss of cellular glycogen. 
Lactic acid was isolated from the combined supernatant solutions 
by continuous ether extraction, and the glycogen was isolated, 

purified, and hydrolyzed to glucose as described previously (8). 

The glucose was degraded with Leuconostoc mesenteroides ac- 
cording to the procedure of Bernstein and Wood (12). Total 
lipids of the cells were isolated and purified according to the 
method of Folch, Lees, and Sloane (13). After determination of 
the weight of total extractable fats, 100 mg of glycerol and 2 ml 
of 0.5 N KOH in 95% ethanol were added, and the mixture was 
refluxed on a water bath for 2 hours. The hydrolysate was 
acidified to pH 1 and extracted twice with petroleum ether, and 
the latter was discarded. The aqueous phase was deionized by 
passage through AG-50W (H*) and Duolite 44 (OH-) ion ex- 
change columns, and the eluate was evaporated to dryness. The 
crude glycerol was purified by conversion to the tribenzoate 
derivative according to the procedure of Rose et al.! After 
recrystallization from 80% methanol, the tribenzoates were 
reconverted to glycerol. The glycerol was degraded by con- 
version to pyruvate with Aerobacter aerogenes (14), and the latter 
was degraded chemically (15). Radioactivity was measured by 
& gas proportional counter (16). The average specific activity of 
the labeled products was determined by total combustion (17) 
and by multiplying the specific activity of the CO, by the number 
of carbons present in the compound. 


RESULTS AND DISCUSSION 
The incorporation of C into glycogen and lactate is shown in 
Table I. Recovery of the added C, when the labeled substrate 
was glucose, was 3.6 to 4.2% in the glycogen, and 7.2 to 13.2% in 
the lactate. In contrast, with galactose-C™, in the presence of a 
15-fold excess of unlabeled glucose, only 0.2% of the Cie was 
converted to glycogen and 0.5% to lactate. The diminished 


incorporation of galactose-C as compared to glucose-C™ into 
these products of cellular metabolism may be due to a preferential 
transport or phosphorylation of the hexoses. 

The labeling pattern in the glucose units of the glycogen is 
presented in Table II. It can be observed that there was a 


1 I. A. Rose, R. W. Kellermeyer, R. Stjernholm, and H. G. 
Wood, submitted for publication. 


Ef- 
Ons, 
rs), 
222 
3093 


TABLE I 
Incorporation of C from glucose and galactose into 
glycogen and lactate by leukocytes 
The main compartment of each flask contained 2.0 X 10° white 
cells (97 + 1% polymorphonuclear leukocytes and 3 + 1% lympho- 
cytes), 10 ml of the donor rabbit’s serum, and 5 ml of Hank’s 
buffer containing 0.22 mmole of nonlabeled glucose. The radio- 
active substrates were dissolved in 1 ml of buffer, and the mixture 
was incubated at 37° with shaking. The incubations were ter- 
minated after 4 hours by the addition of 2 ml of 0.2 & sulfuric acid. 


* Glycogen Lactate 

* 

— Labeled substrates Oe 

c pmoles | mg % mg % 

1 | Glucose-1-C™ 0.5 311 11.7 4.0 18.2 9.0 
2 | Glucose-2-C™ 5.0 311 13.7 | 3.6 | 14.2 | 11.4 
3 | Glucose-3-C™ 0.7 311 15.3 | 4.2 18.5 7.2 
4 | Glucose-3,4-C"% | 0.2 | 311 15.7 | 3.9 | 22.8 | 13.2 
5 | Glucose-6-C™ 0.5 311 13.3 3.8 | 20.2 | 11.3 
6 | Galactose-1-C“ | 10.0 14.4 8.6 0.2 14.1 0.5 
7 | Galactose-2-C" | 10.0 14.4 9.0 0.2 18.6 0.5 


TaBLeE II 
Distribution of C in glucose of glycogen from leukocytes 
incubated with labeled glucose or galactose 
The experimental conditions are identical with those described 
in Table I. 


Distribution of C in the — 

„ Labeled hexose of in 

ment No degrada- 
% 
1 Glucose-1-C™ 84 1, 4; 0 0 11 102 
2 Glucose-2-C"4 174 5 2141 94 
3 Glucose-3 -C 4 9 68 15 3 1 95 
4 Glucose-3 ,4-C™ 3 8 38 50 0 1 97 
5 Glucose-6-C" 0 2 0; 0 0 98 98 
6 Galactose-1-C“% 90 1 2 1 0 6 100 
7 Galactose -2-Ci 1190 2; 1; 5 1 100 


greater randomization of Ci in the glycogen from glucose labeled 
either in the 1, 2, or 3 position (Experiments 1, 2, and 3) than 
there was from galactose-1-C™ or -2-C' (Experiments 6 and 7). 
With glucose-1-C™, -2-C™, and -3-C™, respectively, 84, 74, and 
68% of the radioactivity were retained in the original position of 
the glucose units, whereas with galactose-l- and -2-C™ the 
corresponding value was 90%. The results from Experiments 
1 to 4 demonstrate that most of the randomization occurred 
within the pairs of carbon atoms 1 and 6, 2 and 5, and 3 and 4, 
the magnitude being similar in each case. Gluose-6-C' (Experi- 
ment 5) did not yield glycogen with C™ in C- I of the glucose unit; 
instead, 98% of the C™ was recovered in the C-6 position. 
Similar observations have been reported in polymorphonuclear 
leukocytes from guinea pigs (18) and in leukocytes from humans 
with lymphocytic leukemia (19), with use of glucose-l- and 
-6-C™, If aldolase and fructose-1 ,6-diphosphatase were operating, 
glucose of glycogen would contain C™ in both C-1 and C-6 
positions, when either glucose-I- or -6-C™ served as labeled 
substrate. However, the absence of fructose-1 ,6-diphosphatase 
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in polymorphonuclear leukocytes (10) prevents incorporation of 
C™ at the triosephosphate level into carbons 1, 2, and 3 of the 
hexose monophosphates. Fig. 1 illustrates how the absence of 
fructose-1 ,6-diphosphatase and the presence of transaldolase 
exchange reaction can introduce C from C-2 position of hexose 
into C-5 position of fructose 6-phosphate. After the same series 
of reactions, hexose labeled in the C-6 position, on the other hand, 
retains all the Ci in its original position. The data of the present 
investigation are consistent with previous studies (8). A similar 
observation was made by Stjernholm and Noble (4) when 
pentoses served as the labeled substrate. 

The labeling of C-1 and C-3 with glucose-2-C™ (Experiment 2) 
and the labeling of C-1 and C-2 with glucose-3-C™ and glucose- 
3,4-C™ (Experiments 3 and 4) indicates that recycling in the 
pentose cycle may occur to a small extent and is again in agree- 
ment with previous studies (4) with the use of C'*-labeled pentoses, 
Although it is theoretically possible to estimate the percentage 
of metabolism via the pentose cycle from the distribution of Cu 
in the hexose monophosphates under certain well defined condi- 
tions (20), a quantitative evaluation in the leukocyte is difficult, 
because of the reversible exchange of the C™ in the sugar phos- 
phates via transaldolase and transketolase reaction (4, 8). 

When galactose-C™ is the substrate (Experiments 6 and 7, 
Table II) randomization into the other positions of the glucose 
unit is not as pronounced as with glucose-C’, The results of the 
present investigation are similar to the data reported for the 
glycogen in the liver of fasted rats (21, 22) and imply that 
galactose and glucose do not follow identical routes. The more 
direct pathway of galactose to glycogen via galactose 1-phosphate 
and UDPG (23-25) subjects the galactose to less randomization 
than glucose, which by gaining entry at glucose 6-phosphate is 
more prone to the Embden-Meyerhof and pentose cycle reactions 
before being converted to glycogen. 

The distribution of C™ in the lactate produced by the leuko- 
cytes is presented in Table III and is compared with the sum of 
the activities of C-1 and C-6, C-2 and C-5, and C-3 and C-4 of the 
glucose unit from glycogen. The data from the lactate degrada- 
tions indicate that the labeled hexoses are catabolized mainly by 


CH,OH 
0 
OH HG on HCOH HCOOH 
F-6-P 6-3-P 6-3-P F-6-P 
are 
con 
F-1,6-di-P + 
0 
G-3-P HCOH 


Fic. 1. The transaldolase exchange reaction as a mechanism for 
introducing C from hexose-2-C" into C-5 of fructose 6-phosphate. 
F-6-P, fructose 6-phosphate; F-1,6-di-P, fructose-1 ,6-diphos- 
phate; G-8-P, glyceraldehyde 3-phosphate; DHA-P, dihydroxy- 
actone phosphate; 74, transaldolase exchange reaction. 
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TABLE III 


R. L. Stjernholm and E. P. Noble 


Distribution of Ci in lactate produced by leukocytes from labeled The pathways of glycogen, glycerol, and lactic acid formation 


hexoses and comparison with C™ distribution in glucose 
units of glycogen 


Distribution of 


CH; | —CHOH | —COOH | and | and | and 


d 
C-1 | C-2 | C-3 3 
C-5| 


% 
1 | Glucose-1-C™ | 88 3 9 958 1 4 96 
2 | Glucose-2-C™ 5 90 5 5 88 7 94 
3 | Glucose-3-C™ 51 12 83 5 12 83 104 
4 | Glucose-3,4-C™% 3 5 92 4 8 88 101 
5 | Glucose-6-C’ 97 1.5 1.5 98 2 0 102 
6 | Galactose-1-C™ 90 1 9 98 13 9 
7 Galactose-2- 8 83 9 2 95 3 100 


have been investigated in vitro by incubating polymorphonuclear 
leukocytes from rabbit with glucose-1-C™, -2-C™, -3-C™, -3,4-C™, 
-6-C™ and galactose-1-C™ and -2-C™. 

It was observed that about 80% of the glucose-1-C™, -2-C™, or 
-3-C™ entered the glycogen without randomization as compared 
to 90% for galactose-1-C™ or -2-C™, indicating a more direct path 
to glycogen from galactose. Minor yet significant amounts of 
the remaining C activities in the glycogen were accounted for in 
carbons 6, 5, and 4 depending upon the labeled hexose used. It 
is proposed that the C™ entered these positions via a transaldolase 
exchange reaction. With glucose-6-C™, 98% of the Ci was 
retained in the carbon 6 of the glycogen-glucose unit, which is in 
accord with this exchange reaction. In addition, Ci from 
glucose-2-C™ randomized into carbon 1 of glycogen-glucose and 
that of glucose-3-C™ to carbon 2 and carbon 1, indicating a minor 
occurrence of the pentose cycle in the leukocyte. 


TABLE IV 
Incorporation of C' from labeled glucose into total lipids and‘glycerol of lipids by leukocytes 
The conditions for these incubations are similar to those described in Table I. 


Total lipids Glycerol Distribution of C 
a — Total fat | Amount from | Amount from — in degradation 
isolated | administered C. | administered | C- C-2 
bec pmoles mg % % % % % % 
8 Glucose-1-C"™ 39.3 311 24.1 5.2 X 10°? 2.2 X 10°? 92 3 5 96 
9 | Glucose-1-C 39.3 311 22.7 4.9 XK 10 2.1 & 10 | 94 2 4 94 
10 Glucose- 2- C 18.0 311 25.1 6.3 X 102 2.3 X 10° 
11 Glucose- 2-Ci0 18.0 311 27.1 6.4 Xx 102 2.4 X 10° 8 82 10 105 
12 Glucose-6-C™ 42.4 311 22.2 6.7 X 102 2.4 X 10°? 95 3 2 95 
13 Glucose-6-C™ 42.4 311 20.2 6.8 X 102 2.6 X 10°? 97 1 2 95 
* Sample was lost. 


the Embden-Meyerhof pathway. A minor amount of C™ is 
recovered in the other positions of the lactates probably due to 
randomization via the pentose cycle. The lactates from galac- 
tose-C“ (Experiments 6 and 7) are randomized to the same 
extent as the lactates from the correspondingly labeled glucose 
(Experiments 1 and 2). This would occur if galactose is con- 
verted to glucose 6-phosphate, which in turn is metabolized by 
the Embden-Meyerhof pathway. 

In a second series of experiments, the total lipids were isolated 
and the C™ distribution of the glycerol moiety was determined by 
degradation. These results are recorded in Table IV. Only 0.05 
to 0.07 % of the initial radioactivity of the labeled glucose entered 
the lipids and less than half of this amount resided in the glycerol 
moiety. However, there was sufficient Ci activity for accurate 
determination of the labeling pattern in the glycerol molecule. 
If the glycerol moiety of the lipids is derived from the hexose via 
aldolase, triosephosphate isomerase, and glycerol dehydrogenase, 
then glucose-1-C™ and glucose-6-C™ should yield glycerol labeled 
predominantly in the C-3 position (26) and glucose-2-C™ should 
yield a glycerol labeled predominantly in the C-2 position. The 
C distribution in the glycerols are in fair agreement with the 
labeling pattern of the glycogen-glucose unit as illustrated in 
Table III. Furthermore, with glucose-2-C™ (Experiment 11), 
the randomization into C-1 and C-3 of the glycerol again in- 
dicates a moderate recycling in the pentose cycle. 


The Ci distribution pattern observed in the glycerol of lipid 
and in the lactic acid was in accord with the distribution pattern 
in the glycogen-glucose. The lactate obtained from the galac- 
tose-C™ was similar to that from labeled glucose, indicating a 
comparable metabolism of labeled glucose and galactose at the 
triosephosphate level. 
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The structure of coenzyme Bi has been shown to be based upon 
that of vitamin Bi (1). The main structural differences between 
the coenzyme and the vitamin are the absence of cyanide and the 
presence of an adenine nucleoside in the coenzyme. An adenine 
nucleoside was isolated after photolysis of the coenzyme (2, 21). 
Although the photolysis reaction is complex and gives rise to two 
colorless ultraviolet-absorbing compounds, the adenine nucleo- 
side (peak 1 photolysis product) is generally the more abundant. 
Mild acid hydrolysis of the coenzyme yields adenine and a sugar- 
like compound. Adenine was identified by its ultraviolet ab- 
sorption spectrum, its chromatographic and ionophoretic be- 
havior (2), and by preparation of its picrate (3). Further eluci- 
dation of the structure of the cobamide coenzymes requires the 
identification of the sugar-like compound formed by acid hy- 
drolysis. This paper describes the characterization of this 
compound as D-erythro-2 ,3-dihydroxy-44-pentenal. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Crystalline 5, 6-dimethylbenzimidazolyleobamide coenzyme, 
isolated from Propionibacterium shermanii (1) or Propionibac- 
lerium freudenreichii, was used for all experiments. The latter 
preparation, obtained through the courtesy of Drs. D. Perlman 
and D. R. Walters of The Squibb Institute for Medical Research, 
was rechromatographed and recrystallized as previously de- 
scribed (1). Carbohydrates and amines used were obtained 
from commercial sources; b-erythrose and v-erythrose-4-phos- 
phate dimethylacetal were kindly supplied by Dr. C. E. Ballou 
of the Department of Biochemistry, University of California. 
Acrolein was obtained from the Shell Development Company; 
it was redistilled twice with hydroquinone as a stabilizer. 

Visible and ultraviolet absorption spectra were determined 
with a model 14 Cary spectrophotometer with matched silica 
cells which had a 1-cm light path. Other absorbancy measure- 
ments were made with a Beckman model DU spectrophotometer. 
Optical rotation measurements were made with a Schmidt and 
Haensch polarimeter, with the use of a tube 10 cm in length and 
approximately 1.5 mm internal diameter. 

Coenzyme concentration was determined from its absorbancy 
in neutral solution and the corresponding molar extinction 
coefficient of 34.7 x 10% cm? per mole at 260 my, or 8.0 x 10° 
em? per mole at 522 my (I). 

* This investigation was supported in part by research grants 
from the National Institutes of Health (E-563), United States 
Public Health Service, and the National Science Foundation 
(G-7500), and a research contract with the Atomic Energy Com- 
mission. 


Paper ionophoresis, using Whatman No. 1 paper, was done 
with the apparatus described by Crestfield and Allen (4). 

For paper chromatography by the descending technique, the 
following solvents were used: Solvent I,' n-butanol-ethanol-water 
(52.5:32:15.5) (5); II, n-butanol-acetic acid-water (4:1:5) (6); 
III, phenol-water (100:39 weight for weight) (5); IV, saturated 
aqueous boric acid-ethylacetate-pyridine (20:60:25) (7); V 
ethanol-conc. NH,OH (100: 1) (8); VI, n-pentanol-acetic acid- 
water (4:1:5) (9); VII, n-pentanol-formic acid-water (3:1:3) 
(9); VIII, water saturated n-butanol (6); IX, n-butanol-acetic 
acid-water (100:21:5) (10); X, t-amy] alcohol-acetic acid-water 
(3:1:3) (11). When two phases were formed, the organic phase 
was applied to the paper and the aqueous phase was placed in 
the bottom of the jar. 

Carbohydrates on paper chromatograms or paper ionophoret- 
ograms were detected with alkaline silver nitrate (12), benzidine- 
periodate (7), p-anisidine phosphate (13) or indole-trichloroacetic 
acid (14) reagents. The amines could be located with a 0.1% 
solution of ninhydrin in acetone, the acid-hydroxamates with 5% 
ferrichloride in 95% alcoholic 0.1 Nn HCI (15). Other methods 
will be mentioned in the text. 


Isolation of DH P*—Mild acid hydrolysis of the 5,6-dimethyl- 
benzimidazolyleobamide coenzyme yields adenine, a sugar-like 
compound and aquocobalamin as the main products. Because 
of the stability of the benzimidazole-ribose bond, no ribose is 
released under the conditions used. The hydrolysis can be 
conveniently followed by measuring the increase in absorbancy 
at 358 my (2). In a typical experiment 24.5 umoles of 5,6- 
dimethylbenzimidazolyleobamide coenzyme in 4.5 ml of 0.1 N 
HCl were hydrolyzed at 100° for 90 minutes in the dark. After 
90 minutes no further absorbancy change at 358 my was ob- 
served. The hydrolyzed material was applied to a 0.5 cm in 
diameter by 10 em in height column of Dowex 50, 2% cross- 
linked, 200 to 400 mesh, in the H* form at pH 1. The column 
was previously washed with 0.1 * HCl until the absorbancy of 
the effluent at 260 my was smaller than 0.01. The sugar was 
washed through the column with approximately 20 ml 0.1 & 
HCl; the other hydrolysis products were retained by the column. 
The molar concentration of the sugar in the effluent was deter- 
mined by the orcinol reaction (16) and the ferricyanide reduction 
test (17), assuming that the sugar and the 5,6-dimethyl- 


1 The figures give the volumes of the individual components 
unless otherwise stated. 

2 The abbreviation used is: DH, ee 3-dihydroxy- 
A4-pentenal. 
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benzimidazolyleobamide coenzyme give the same color intensities 
in these tests. The yield of DHP determined in this manner 
varied from 0.7 to 0.8 mole per mole of coenzyme. 

Properties of DH P—By paper ionophoresis DHP was found to 
behave as a neutral molecule in acid (0.2 N acetic acid, pH 3.0) 
or alkaline (0.3 M sodium carbonate-HC]l buffer, pH 9.3) solution, 
whereas in 0.1 m sodium tetraborate, pH 9.3, it formed a complex 
that moved as an anion with the same mobility as ribose. DHP 
has remarkably high Rp values on paper chromatography and 
shows considerable streaking in some solvent systems (Table I). 
It can be detected readily with indole-trichloroacetic acid 
reagent, with which it gives a red color on heating; with p- 
anisidine phosphate, which gives a brownish color; with ben- 
zidine-periodate; and with ammoniacal silver nitrate. DHP 
reduces the silver nitrate reagent even at room temperature. 
The absorption spectrum of the orcinol reaction products shows 
two maxima at 665 and 432 my; the spectrum is very similar to 
that of glyceraldehyde. On oxidation with periodate (18) one 
mole of DHP consumes approximately 2 moles of periodate and 
2 moles of formate (19) are formed, but no formaldehyde (20). 
The higher values reported previously (21) were probably caused 
by impurities in the sugar preparation. This oxidation is 
virtually complete in 20 minutes, indicating the absence of a 
furanose or pyranose ring. These properties, some of which were 
previously reported (21), indicate that DHP is not one of the 
common sugars; the high Rp values suggest the presence of one 
or more polar groups. A 2-deoxy structure was excluded by the 
absence of malondialdehyde (22) as a product of periodate 
oxidation, whereas a negative test for acetaldehyde (23) excluded 
a terminal methyl group adjacent to an a-glycol structure. 

Identification of DHP—Because the unknown sugar could 
only be obtained in micromolar quantities and could not be 
crystallized, an elemental analysis could not be done. To obtain 
an indication of the length of the carbon chain, DHP was oxidized 
with potassium persulfate according to the procedure described 


TABLE I 


Ry values of unknown sugar (DH), its reaction products, and 
some reſerence compounds 


Solvent“ 
Compound 
1 II Ill 

DHP + NaBHg........... 0.67 0.63 

DHP + NaBH, + O:... ~0.47 ~0.42 ~0.64 
DHP + O, + NaBH,‘.... 0.37 0.36 

DHP + H: (tO) 0.82 0.78 

DHP + OsQ,............. 0.33 0.30 0.41,0.54 
0.21 0.28 
Z 0.33 0. 30 0. 55 
0.33 0.29 0.42 
Erythrose................. ~0.45 ~0.40 ~0.65 
Erythritol................ 0.37 0.37 

* See Methods. (I = n-butanol-ethanol-water; II = n-butanol- 


acetic acid-water; III = phenol-water.) 

>The Rp values marked with ~ indicate moderate streaking. 
The Ry» value was calculated from the most intense part of the 
streak. 

¢ The order in which the reactions were performed is indicated 
by the order of the reagents mentioned. 
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TABLE II 
Analytical reactions of unknown sugar“ 
Reaction | DHP Glucose Ribose 
moles/mole | moles/mole | moles/mole 

Persulfate oxidation 

CO: formed 5.4 5.7 
Bichromate oxidation 

reduced“ 24.5 24 20 
Periodate oxidation 

NalO, used 1.91 4.95 

HCOOH formed 1.96 

HCHO formed 0.07 
Hypoiodite oxidation 

NalO used“ 3.84 1.98 1.96 
Cyanohydrin reaction 

NH, formed 1.00 1.01 
Hanus reaction 

I: used! 2.00 0.00 
Ozonolysis 

HCHO formed 0.73 0.09 


* Each value represents the average of at least three determi- 
nations, except that the Kiliani reaction was done only once. 
o Expressed as equivalents per mole. 


by Katz et al. (24). Approximately 1 umole was oxidized, the 
CO, trapped in excess alkali, and the excess alkali titrated with 
0.100 N potassium-hydrogen phthalate to a phenolphthalein 
endpoint. The results (Table II) indicate that 5 to 6 moles of 
carbon dioxide are released per mole of DHP. Oxidation of the 
sugar with sodium dichromate by the method of Johnson (25) 
showed that it reduced 24.7 equivalents of dichromate per mole. 
This oxidation state indicates a normal hexose or a dideoxy- 
pentose for 6 and 5 carbon atoms, respectively. The presence of 
a reducing group in the products of periodate oxidation of DHP 
could be shown by the reduction of ferricyanide. Because 
excess periodate interferes with this color reaction, the periodate 
oxidation mixture was lyophilized and the test carried out on the 
sublimate. 

If the unknown sugar contains an alkyl group, an aldehyde 
should be formed in periodate oxidation. Combined periodate- 
permanganate oxidation (26) would be expected to yield the 
corresponding acid, because the aldehyde formed on periodate 
oxidation of DHP would be oxidized by the catalytic amounts of 
permanganate present in the reaction mixture. This procedure 
was used because an acid could be identified more readily at 
micromolar concentrations. The acid formed in this oxidation 
reaction was purified on a Celite column (27) and identified by 
paper chromatography (8). Formic acid was the only organic 
acid formed in this reaction. This result indicates that the 
aldehyde formed on periodate oxidation was degraded under the 
reaction conditions. 

In order to obtain an additional method for the determination 
of the sugar concentration, DHP was oxidized with hypoiodite. 


Linderstram-Lang (28) reported a microiodometric determina- 


tion of sugars, involving the oxidation of the aldehydic group 
with excess alkaline iodine and back titration of the unreacted 
iodine with thiosulfate. This procedure was slightly modified by 
using 1-ml glass-stoppered volumetric flasks for reaction vessels. 
A typical reaction mixture contained 0.100 ml of 0.4 M Na- COr 
HCl buffer, pH 10.1, 0.015 ml of 0.1496 & I,-KI solution, and 
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approximately 0.5 umole of DHP in 0.150 ml water. After 
incubation at room temperature in the dark for 30 minutes, the 
reaction mixture was acidified with 0.100 ml of 1.2 N H,SO,, 
0.005 ml of 1% starch solution was added, and the excess iodine 
was titrated with 0.0505 * thiosulfate with the use of a micro- 
burette. Control experiments with ribose and glucose gave an 
average iodine consumption of 1.96 equivalents per mole, whereas 
DHP consistently consumed approximately 3.8 equivalents per 
mole. This suggested that the sugar contained two aldehydic 
groups or an unsaturated group which would react with iodine 
to form an iodohydrin. 

To determine the number of aldehydic groups, the sugar was 
allowed to react with cyanide in a quantitative Kiliani reaction 
described by Frampton et al. (29). In this procedure the am- 
monia formed upon alkaline decomposition of the cyanohydrin 
was diffused in a Conway microdiffusion vessel and determined 
colorimetrically by Nesslerization. The results of this deter- 
mination showed the presence of only one aldehydic group in the 
sugar (Table II). 

For the determination of the presence of a double bond in the 
sugar the method for the determination of the iodine number of 
fats designed by Hanus (30) was used. The reaction vessels 
(1 ml volumetric flasks) contained approximately 0.5 umole of 
sugar, 0.015 ml of Hanus solution and 0.010 ml of a 2.5% solution 
of mercuric acetate in glacial acetic acid. The vessesls were 
stoppered immediately and incubated in the dark at room 
temperature. After 30 minutes 0.01 ml of 10% KI and 0.005 
ml of 1% starch solution were added, and the excess iodine was 
titrated with 0.0505 N thiosulfate. The results indicate that two 
equivalents of iodine are consumed per mole of sugar, establishing 
the presence of one double bond. 

The position of the double bond was determined by ozonolysis. 
Thunberg tubes were used as reaction vessels; the acidic sugar 
solutions were adjusted to pH 3.4 with NaOH and the tubes 
evacuated at 20 mm pressure for 1 minute. The evacuated 
tubes were cooled in ice and filled with ozone, generated by a 
Welsbach ozonator. In a typical experiment 1.88 umoles of 
sugar in 2 ml of water was treated with 2.68 uwmoles of ozone, as 
determined by KI oxidation. After shaking the tubes for 1 
minute, the unreacted ozone was flushed with nitrogen and the 
reaction products were analyzed for formaldehyde and acet- 
aldehyde. The yield of formaldehyde was 0.73 mole per mole of 
sugar; no acetaldehyde could be detected (20). These results 
clearly indicate that DHP contains a terminal ethylenic group 
(Table II). 

Catalytic hydrogenation of the sugar using Adam’s catalyst at 
toom temperature and atmospheric pressure for 24 hours, 
followed by periodate oxidation, yielded an aldehyde. This 
aldehyde was oxidized to the corresponding acid in 0.05 N 
sodium dichromate in 10 . HSO, at room temperature for 5 
hours. The acids, contained in 25-ml reaction volume, were 
steam distilled and three 50-ml fractions collected. Titration of 
these fractions with standard alkali and determination of their 
formic acid content by the enzymatic method (19) indicated that 
fraction 1 contained approximately 75% of the total acids 
formed. This fraction was concentrated to approximately 1 
mina vacuum. A 0.1 ml aliquot was acidified with 0.1 ml 0.5 
* HSO. and extracted three times with 2 ml of ethyl ether. The 
combined ether extracts were dried with anhydrous sodium sul- 
fate for 1 hour, concentrated to a volume of approximately 1 ml, 


and converted to the hydroxamates according to the procedure 
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of Seubert (31). Paper chromatography on Whatman No. | in 
solvents VI and VII showed that acetic acid and propionic acid 
hydroxamates were formed. To obtain a quantitative estima- 
tion of the two hydroxamic acids, the individual spots were cut 
from the paper strip and eluted with 2 ml dilute FeCl, solution 
(15). The ratio of the hydroxamic acids of propionate and 
acetate was found to be 1.6. Because no acetaldehyde could be 
detected after periodate oxidation of DHP, these results indicate 
that some propionate was degraded to acetate during the isola- 
tion procedure. 

The aldehyde formed on periodate oxidation of the hy- 
drogenated sugar was isolated by lyophilization. To the 
lyophilized periodate oxidation mixture was added an equal 
volume of a 1% solution of 2,4-dinitrophenylhydrazine in 
2 nN HCl. The yellow precipitate formed was collected by 
centrifugation and washed twice with water. Because recrystal- 
lization proved to be very difficult with micromolar quantities, 
the 2,4-dinitrophenylhydrazone was hydrogenated 
according to the procedure of Fowden and Webb (32). After 
completion of the hydrogenation the amine could be isolated as 
the hydrochloride by diffusion in a Conway microdiffusion vessel 
in approximately 80% yield. The amine was shown to be 
identical with propylamine by paper chromatography on What- 
man No. 4 in solvents II and VIII. No ethylamine was found in 

The absorption spectrum of the 2, 4-dinitrophenylhydrazone of 
the aldehyde formed on periodate oxidation of the sugar, isolated 
as described before, was undistinguishable from that of acrolein 
2, 4 dinitrophenylhydrazone prepared under the same conditions. 

Identification of Product of Ozonolysis—Ozonolysis of the sugar 
would be expected to give formaldehyde and a dialdehyde, which 
on reduction with sodium borohydride would yield a polyhydric 
alcohol. This expected formation of a polyalcohol was in- 
vestigated in the following way. Two milliliters of a solution 
containing 20 umoles of v-erythro-2,3-dihydroxy-A4-pentenal 
were shaken with 76 umoles of ozone for 5 minutes at room 
temperature. After removal of excess ozone by bubbling nitro- 
gen through the solution, an aliquot was found to contain 0.66 
mole of formaldehyde per mole of sugar. To the remainder of 
the solution was added 10 mg of sodium borohydride and the 
reaction was allowed to proceed at room temperature for one 
hour. After this time the reaction mixture was added to a Dowex 
50 H“ (200 to 400 mesh, 2) column, 0.6 cm in diameter and 5 
cm in length, to remove sodium ions. The column was washed 
with water and 30 ml of effluent was collected. The effluent was 
evaporated to dryness in a vacuum and after 10 ml of methanol 
was added, again evaporated to dryness to remove methyl- 
borate; this procedure was repeated twice. Paper chromatog- 
raphy of an aqueous solution on Whatman No. 1 in solvents II 
and IV and ionophoresis in boric acid, pH 6.0, (33) showed that 
the reaction product was identical with erythritol (Table I). 

To establish the configuration of DHP, the reactions described 
above were repeated in reversed order. If the sugar belonged to 
the p series, sodium borohydride reduction followed by ozonolysis 
should yield t-erythrose. For this purpose 30 umoles of DHP 
were reduced with sodium borohydride and then shaken with 64 
umoles of ozone for 5 minutes. Erythrose was identified by 
paper chromatography in solvents II and IX, by its absorption 
spectrum in the orcinol reaction and by its yellow-brown color 
in the p-anisidine phosphate reaction. The yield of erythrose, 
determined by means of the orcinol reaction with the crystalline 
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dimethylacetal of erythrose-4-phosphate as standard, was 0.95 
mole per mole of DHP. The erythrose solution was concen- 
trated to 0.3 ml in a vacuum to give an approximately 1% solu- 
tion. Optical rotation measurements indicated a positive 
rotation of 0.19°; [a]p ~ 20°. Although the optical rotation of 
erythrose has little quantitative significance (34), the sign 
established that I- erythrose was formed, indicating that DHP 
is the p-isomer. 

Osmium Tetroxide Treatment of DHP—Pappo et al. (35) used 
an aqueous solution of OsO, to hydroxylate olefinic groups, 
whereas Hofmann (36) reported that this reagent oxidizes alde- 
hydic groups only very slowly. The products of osmium 
tetroxide oxidation of DHP would be expected to be p-ribose and 
L-lyxose. In 1 ml water 9.5 umoles of sugar were treated with 
2.5 ml of a 1% aqueous OsO, (Merck) solution. The reaction 
mixture was allowed to stand at room temperature for 30 minutes, 
during which time the solution turned black, indicating reduction 
of the osmium tetroxide. In a parallel experiment 10 umoles of 
ribose were treated in a similar manner, and no color change was 
observed in 30 minutes. Both solutions were extracted three 
times with carbon tetrachloride to remove most of the unreacted 
OsO,, and the aqueous solutions were filtered through a Seitz 
filter pad to remove the black osmium dioxide. The solutions 
were concentrated in a vacuum and chromatographed on What- 
man No. 1 paper in solvents II, III and X. Ribose and lyxose 
could be separated and identified in solvent III; in the other 
solvents these pentoses did not separate. In the control experi- 
ment ribose was the only product, indicating no degradation of 
this sugar under the conditions used. The orcinol reaction, 
with authentic ribose and lyxose as standards, indicated a 
recovery of approximately 75% in terms of ribose. The same 
reaction also gave a typical pentose-orcinol spectrum. Visual 
comparison of the color intensities of the ribose and lyxose spots 
on the paper chromatogram indicated that approximately equal 
quantities of these pentoses were formed. 


DISCUSSION 


All of the reactions described above indicate that the sugar 
obtained by mild acid hydrolysis of coenzyme Bix is p-erythro-2 , 3- 
dihydroxy-A4-pentenal. In the periodate reaction DHP was 
shown to react as an aldose with two vicinal hydroxyl groups on 
carbons 2 and 3. The presence of a double bond was indicated 
by the addition of iodine, and the position of this double bond 
was established by ozonolysis. Formaldehyde, obtained in good 
yield in this reaction, must have been formed by cleavage of a 
terminal double bond. Catalytic hydrogenation of DHP 
followed by periodate oxidation yielded formic acid and pro- 
pionaldehyde (Fig. 1). Propionaldehyde was identified as 
propionic acid after oxidation and as n-propylamine after 
catalytic hydrogenation of the 2,4-dinitrophenylhydrazone. 


CHO CHO 2HCOOH 
HCOH HCOH + 

CH cu, u. 

In. Cn, Cn, 

Propionaldehyde 


Fig. 1. Hydrogenation followed by periodate oxidation of the 
sugar. 


Dihydrorypentenal 
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CHO CHO CH., OH 
COR HCOH HCOH 
H HO H.: OH 
H. HCHO Erythritol 


. Fig. 2. Ozonolysis of the sugar followed by borohydride reduc. 
ion. 


CHO CH. OH CH. OH 
HCOH HCOH HCOH 

neon NaBH, + HCHO 
bu H HO 

In. L-Erythrose 


Fig. 3. Borohydride reduction of the sugar followed by ozo- 
nolysis. 


CHO CHO CHO 
HCOH HCOH HCOH 
—9%, neon + HCOH 

H HCOH HOCH 
H. Cn, on 
p-Ribose L-Lyxose 


Fig. 4. Hydroxylation of the sugar by treatment with osmium 
troxide. 


The other product of ozonolysis, presumably a dialdehyde, was 
shown to yield erythritol on reduction with sodium borohydride 
(Fig. 2). These results indicated that DHP is a straight chain 
5-carbon sugar with cis hydroxyl groups on carbons 2 and 3. 

The absolute configuration of DHP was established by the 
reactions shown in Figure. 3. Borohydride reduction followed by 
ozonolysis yielded Lerythrose as indicated by the positive 
optical rotation of the reaction product. Consequently DHP, 
which has the aldehydic group at the opposite end of the mole- 
cule, must have the p-configuration. Further evidence for the 
proposed structure was obtained by hydroxylation of the double 
bond by means of osmium tetroxide (Fig. 4). As expected, the 
products of this reaction were found to be ribose and lyxose. 

It should be emphasized that 2,3-dihydroxy-A44-pentenal is a 
product of mild acid hydrolysis of coenzyme Bu and conse- 
quently the compound may not occur as such in the coenzyme. 
The double bond may have been introduced by an acid-catalyzed 
elimination reaction. There is considerable evidence that the 
same dihydroxypentenal is formed also by acid hydrolysis of the 
adenine nucleoside formed by photolysis of the coenzyme (21). 
The sugar obtained from the adenine nucleoside has an orcinol 
reaction spectrum and paper ionophoretie behavior identical to 
those of p-erythro-2,3-dihydroxy-A4-pentenal. The nature of 
the bond between the dihydroxypentenal and adenine is not cer- 
tain. However, spectral evidence indicates that N9 of adenine 
is involved in this linkage (21). 

SUMMARY 


This paper describes the identification of an unsaturated sugar- 
like compound obtained by mild acid hydrolysis of the coenzyme 
Bu. By various degradation procedures the compound is 
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shown to be p-erythro-2,3-dihydroxy-A4-pentenal. Periodate 
oxidation resulted in the formation of 2 moles of formate in 
addition to an aldehyde which was shown to be acrolein. Perio- 
date oxidation of the hydrogenated sugar yielded propion- 
aldehyde which was oxidized to propionic acid and identified as 
the corresponding hydroxamate or was converted to the 2,4- 
dinitrophenylhydrazone, reduced catalytically and identified 
as propylamine. Ozonolysis of the dihydroxypentenal followed 
by borohydride reduction yielded erythritol, whereas borohy- 
dride reduction followed by ozonolysis yielded Lerythrose. 
Osmium tetroxide treatment of dihydroxypentenal converted 
it to ribose and lyxose. 
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Newly germinated mung bean (Phaseolus aureus) seedlings and 
ripening fruit of the strawberry (Fragaria) are able to incorpo- 
rate C-labeled p-galacturonic acid into pectin (1, 2). Since a 
number of polysaccharides are formed by glycosyl transfer from 
sugar nucleotides (3), it was postulated that p-galacturonic acid 
was converted to a nucleotide-bound intermediate which serves 
as a precursor of pectin. Uridine diphosphate-galacturonic acid 
has been isolated from mung bean seedlings (4), and a pyrophos- 
phorylase which catalyzes the formation of this sugar nucleotide 
from uridine triphosphate and a-p-galacturonic acid 1-phosphate 
has been demonstrated in extracts from these seedlings (5). 
Thus, the incorporation of p-galacturonic acid into pectin could 


proceed by the following pathway: 
p-Galacturonic acid . a- D- galaeturonie acid I- phosphate 
ler 
pectin «--- UDP-p-galacturonic acid 


Such a pathway is consistent with the entry of p-galacturonic 
acid into pectin without rearrangement of the carbon skeleton, 
as observed in the case of the strawberry (2). 

It has now been demonstrated that extracts from germinating 
mung bean seedlings catalyze the first reaction of the postulated 
pathway, t.e. the formation of a-p-galacturonic acid 1-phosphate 
from p-galacturonic acid and adenosine triphosphate. 


EXPERIMENTAL PROCEDURE 


Substrates—ATP, UTP, GTP, and CTP were purchased from 
the Sigma Chemical Company. UDP-p-glucuronic acid labeled 
with Cu in the p-glucuronosyl moiety (37 ue per umole) was 
prepared by oxidation of C-labeled UDP-p-glucose with UDP-p- 
glucose dehydrogenase (6) and purified as previously described 
(7). UDP-p-galacturonic acid labeled in the p-galacturonosy] 
moiety was prepared by the 4-epimerization of UDP-p-glucuronic 
acid in the presence of radish particles (7). Treatment of UDP- 
p-galacturonic acid and of UDP-p-glucuronic acid with the 
nucleotide pyrophosphatase of potatoes (8) or with Crotalus 
adamanteus venom yielded labeled a-p-galacturonic acid 1-phos- 
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phate and a-p-glucuronic acid 1-phosphate, respectively. 
Radioactive p-galacturonic and p-glucuronic acids were prepared 
by treatment of the respective 1-phosphates with seminal phos- 
phatase. These substrates were purified by paper electrophoresis 
at pH 3.6 or 5.8. 

The methyl ester of C'*-labeled p-galacturonic acid was pre- 
pared by a micromodification of the method of Jansen and 
Jang (9). p-Galacturonic acid (0.2 ne, 5 X 10 uwmoles) was 
treated with 25 ul of 0.02 N methanolic HCl, in a capillary tube, 
at 0° for 60 hours. The product was chromatographed in n-pro- 
panol-ethyl acetate-water (7:1:2), and the spot with the chro- 
matographic mobility of authentic methyl-p-galacturonate was 
eluted. 

C-labeled p-galactose (9.4 we per umole) and Larabinose (31 
uc per umole) were obtained as previously described (10). 

The a and g anomers of p-galacturonic acid 1-phosphate were 
prepared by oxidation of a- and 8-p-galactose 1-phosphate (11), 
respectively, in the presence of Adams platinum catalyst, as 
described by Marsh (12), and purified by chromatography in 
ethanol-ammonium acetate. The chief contaminant, inorganic 
phosphate, moves much more rapidly than p-galacturonic acid 
1-phosphate in this system. 

D-Galacturonic Acid Kinase—Enzyme preparations capable of 
phosphorylating p-galacturonic acid were obtained from germi- 
nating seeds. Similar preparations from 4-day-old etiolated 
mung bean seedlings are inactive (13). 

Mung bean seeds (approximately 50 g) were placed in a 500-ml 
Erlenmeyer flask and covered with 250 ml of tap water. They 
were allowed to germinate for 20 hours at room temperature 
(26°), with aeration. The germinating seeds (100 g) were thor- 
oughly washed with distilled water and ground in a chilled 
mortar with 100 ml of a solution consisting of 0.5 M sucrose, 
0.01 u potassium phosphate, pH 7.4, and 0.05 m mercaptoethanol. 
This and subsequent operations were carried out at 0-5°. The 
slurry was filtered through cheesecloth and centrifuged at 
20,000 x g for 30 minutes. The precipitate was discarded and 
the supernatant solution (about 100 ml) was made 40% saturated 
with respect to (NH,)2SO, by the addition of a — solu- 
tion of (NH,)2SO, adjusted to pH 7.0 with NH,OH. The pre- 
cipitate was removed by centrifugation, and the supernatant 


solution was made 60% saturated with respect to (NHj)S0. 


(After each addition of saturated (NH,):SO,, the solution was 
allowed to stand 10 minutes before centrifugation.) The 40 to 
60% precipitate was collected by centrifugation and suspended 
in 2 ml of 0.05 M Tris buffer, pH 7.5, 0.05 u with respect to mer- 
captoethanol. The suspension was dialyzed for 18 hours (or for 
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3 hours with mechanical stirring) against 1 liter of buffer of the 
same composition (Fraction A, 6 ml, containing approximately 
90 mg of protein per ml). The presence of mercaptoethanol is 
necessary for the preservation of enzymatic activity. Lowering 
the mercaptoethanol concentration in the dialysis medium to 
0.01 u reduced enzyme activity by 30 to 50%; if mercaptoethanol 
was omitted from the preparation, no phosphorylating activity 
could be detected. One-tenth volume of 1 M MnCl; was added 
to Fraction A, the mixture was allowed to stand 30 minutes, and 
3 voluminous precipitate was removed by centrifugation. The 
supernatant solution was dialyzed for 20 hours against 1 liter 
of 0.05 M Tris, pH 7.5, 0.05 m with respect to mercaptoethanol. 
Any precipitate that formed in the dialysis bag was removed by 
centrifugation, and the supernatant solution was again frac- 
tionated with a neutralized saturated solution of (NH,)2S0x,. 
The precipitate formed between 40 and 60% saturation was 
suspended in approximately 1 ml of 0.05 m Tris buffer, pH 7.5, 
0.05 u with respect to mercaptoethanol, and dialyzed against 1 
liter of the same solution for 18 hours. The dialyzed enzyme 
solution (about 2 ml containing approximately 60 mg of protein 
per ml) was centrifuged if necessary and used in experiments on 
the phosphorylation of p-galacturonic acid (Fraction B). It was 
stable at 4° for periods of up to 10 days. 

The activity of these enzyme fractions was routinely tested in 
a system containing 0.5 umole of ATP, 0.13 umole of MgCh, 
2.5 x 10 — 5 X 10 umole (0.01 to 0.02 uc) of C-labeled 
p-galacturonic acid, and 2.5 to 10 ul of enzyme solution. The 
final volume of the incubation mixture varied from 15 to 25 ul. 
After 30 minutes at 37°, the mixture was subjected to paper 
electrophoresis at pH 3.6, and the radioactivity in the phos- 
phorylated compound and in the residual p- galacturonie acid was 
determined. 

Seeds of peas (Pisum sativum, Alaska) and buckwheat (Fago- 
pyrum esculentum) were germinated as described for mung beans. 
Roots of radishes (Raphanus sativum) and leaves of parsley 
(Petroselinum hortense) were purchased from a local market. 
Enzyme preparations were made from these plants as described 
for Fraction A, except that all of the protein precipitating below 
70% saturation with respect to (NH.) SO. was collected in about 
2 ml of buffer (per 50 g of plant material). 

UDP-D-galacturonic Acid Pyrophosphorylase—A preparation 
from mung bean seedlings possessing UDP-p-galacturonic acid 
pyrophosphorylase activity has been described previously (5). 
The method has been modified to give a more active and stable 
preparation, as follows. 

Commercially grown, etiolated, 4-day-old mung bean seedlings 
(500 g) were homogenized in a Waring Blendor for 30 to 60 sec- 
onds with 500 ml of 0.01 M sodium-potassium phosphate buffer, 
pH 7.0, 0.05 M. with respect to mercaptoethanol. This and sub- 
sequent operations were performed at 0-4°. Coarse debris was 
removed by filtration through cheesecloth, and particulate matter 
by centrifugation at 20,000 x g for 20 minutes. The superna- 
tant solution (750 ml) was fractionated with solid (NH.) SO,, 
and the fraction which precipitated between 40 and 70% satura- 
tion was suspended in 30 ml of 0.05 Tris-0.05 M mercaptoethanol 
buffer, pH 7.5, and dialyzed overnight against 2 liters of the 
same buffer (10 minutes were allowed to elapse between addition 
of (NH,)2SO, and centrifugation). The contents of the dialysis 
bag (45 ml) were centrifuged for 10 minutes at 20,000 x g, and 
the supernatant solution was fractionated with solid (NH.) S0. 
The fraction which precipitated between 50 and 70% saturation 
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was taken up in 0.5 ml of 0.05  Tris-0.05 m mercaptoethanol, 
pH 7.5. After 20 hours of dialysis against 1 liter of the same 
buffer, the solution (which had increased in volume to about 
2.5 ml) was lyophilized. The yield of the dry powder, which 
was stable for at least 1 month, was 100 mg. Enzyme solutions 
were prepared by dissolving the powder in 0.05 m mercaptoeth- 
anol and were discarded after 1 day. 

The product contained pyrophosphorylases for UDP-p-glucose, 
UDP-p-galactose, UDP-p-xylose, UDP-1-arabinose, and UDP-p- 
glucuronic acid, as well as for UDP-p-galacturonic acid. The 
latter pyrophosphorylase catalyzes uridyl transfer to a-p-galac- 
turonic acid 1-phosphate but not to the 8 anomer. On the 
other hand, 8-p-galacturonic acid is rapidly dephosphorylated 
by the same enzyme preparation, whereas the hydrolysis of the 
a anomer is relatively slow. 

Other Enzymes—Nucleotide pyrophosphatase from potatoes 
(8) was obtained through the courtesy of Dr. H. A. Barker. In 
some cases, the venom of Crotalus adamanteus (purchased from 
Ross Allen’s Reptile Institute) was used as source of nucleotide 
pyrophosphatase. A 1% solution of the venom in 0.1 M glycine 
buffer, pH 8.8, was incubated with 5 volumes of radioactive 
UDP-hexuronic acid and 0.5 volume of 0.05 M1 MgCl, for 1 hour 
at 37° in a final volume of 0.05 to 0.1 ml. Under these condi- 
tions, the venom hydrolyzed the sugar nucleotide completely 
but had no effect on the resulting uronic acid 1-phosphate. 
Human seminal plasma was used as source of phosphomonoes- 
terase. It was dialyzed against 0.05 m sodium acetate buffer, 
pH 6.0, before use. Partially purified inorganic pyrophospha- 
tase from yeast was a gift from Mr. C. Squires. UDP-p-glucose 
dehydrogenase (6) was purchased from the Sigma Chemical 
Company. 

Analytical Methods—Paper electrophoresis was carried out in 
0.2 M ammonium formate buffer, pH 3.6, or in 0.2 M1 ammonium 
acetate buffer, pH 5.8, at 22 to 35 volts per em, on oxalic acid- 
washed Whatman No. 1 paper. The washed paper was also 
used for chromatography of phosphorylated compounds, with a 
solvent consisting of 70 parts 95% ethanol and 30 parts 1 M 
ammonium acetate, pH 7.3, 0.001 M with respect to EDTA (14). 

Phosphate esters were detected on paper with the reagent of 
Bandurski and Axelrod (15), uronic acids by the periodate- 
benzidine procedure of Gordon et al. (16), and ultraviolet-absorb- 
ing compounds by contact-printing under an ultraviolet lamp 
(17). Radioactive spots were located by x-ray autoradiography, 
and were usually counted directly on the paper, with the use of a 
Geiger-Miiller tube coupled to a rate meter (1 ne on paper was 
equivalent to approximately 80,000 c. p. m.). When greater 
accuracy was desired, the radioactive compounds were eluted 
into plastic planchets and counted with a Geiger-Miiller tube 
coupled to a conventional scaler. 

Uronie acid concentration was measured by the carbazole 
procedure of Dische (18), phosphate by the method of Lowry 
and Lopez (19) or of Fiske and SubbaRow (20), reducing value 
by the method of Park and Johnson (21), and protein by the 
method of Lowry et al. (22). 

Mixtures of 0.1 ml or less were incubated in capillary tubes 
(23). The pH of all reagents was adjusted before mixing. 


RESULTS 


Preparation and Identification of C''-labeled D-Galacturonic Acid 
1-Phosphate—Preliminary observations showed that the incuba- 


1 E. F. Neufeld and B. Felenbok, unpublished results. 
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tion of C™-labeled p-galacturonic acid in the presence of ATP, 
MgCh, and the 40 to 60% (NH). fraction of germinating 
seeds resulted in the formation of a radioactive compound simi- 
lar in electrophoretic mobility to p-galacturonic acid 1-phosphate. 
(The mobilities relative to picrate of p-galacturonic acid and its 
1-phosphate are approximately 0.7 and 1.3, respectively, at pH 
3.6, and 1.0 and 1.5, respectively, at pH 5.8.) A quantity of 
this radioactive compound sufficient for identification was 
prepared by incubating 0.25 we (7 XK 107% umole) of p-galactu- 
ronic acid, 2 ymoles of ATP, 0.5 umole of MgCle, and 0.04 ml of 
enzyme solution (Fraction A) in a total volume of 0.12 ml. 
After 90 minutes at 37°, the mixture was subjected to paper 
electrophoresis at pH 3.6. One-third of the radioactive material 
appeared to be residual p-galacturonic acid, whereas the remain- 
der of the radioactivity was found in the compound which had 
the higher electrophoretic mobility (Compound I). 
The identification of Compound I as p-galacturonic acid 
1-phosphate was based on the following tests. Compound I 
could not be distinguished from authentic p-galacturonic acid 
1-phosphate when the two compounds were mixed and subjected 
to electrophoresis at pH 3.6 and 5.8, or to chromatography in 
ethanol-ammonium acetate. The action of seminal phosphatase 
converted Compound I to a radioactive compound migrating 
with an electrophoretic mobility identical to that of galacturonic 
acid at pH 3.6. When this product of phosphatase hydrolysis 
was mixed with p-galacturonic acid, the two substances were 
shown to be identical by the following sequence of reactions: (a) 
reduction of the mixture with NaBH, to yield a radioactive sub- 
stance with the electrophoretic mobility of galactonic acid at pH 
3.6; (b) lactonization of the galactonic acid by heating for 15 
minutes in IN HCI at 100°; and (c) reduction of the resulting 
lactone with NaBH, to a radioactive polyol, which, upon electro- 
phoresis in 0.05 M sodium tetraborate, had a mobility correspond- 
ing to that of the unlabeled galactitol, but differing from that of 
all other straight chain hexitols. As expected of an aldosyl phos- 
phate, Compound I could be quantitatively hydrolyzed to galac- 


TARLE I 
Nucleotide and metal requirement for phosphorylation 
of p-galacturonic acid 
The incubation mixture consisted of 3.2 Xx 100 wmoles (0.012 
uc) of p-galacturonic acid, 0.5 ymole of ATP or other nucleotide, 
as indicated, 0.08 umole of Mg** or other divalent ion, and 0.005 
ml of Fraction B, in a total volume of 0.015 ml. After 30 min- 
utes at 37°, p-galacturonic acid 1-phosphate was separated from 
unreacted p-galacturonic acid by paper electrophoresis at pH 3.6. 


Nucleotide added Metal added Phosphorylation 

% 
Mg** 0 
Z Mg 3 
Mg** 5 
None 5 
˙—.O⁰—“ð—W Mn 91 
Co 40 
Ni** 5 
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TABLE II 
Phosphorylation of C'*-labeled p-galacturonic acid in 
presence of other sugars 

The incubation mixtures contained 8 Xx 10 moles (0.03 ye) 
of C'4-labeled p-galacturonic acid, 0.5 wmole of unlabeled p-galae. 
turonic acid, p-glucuronic acid, D-galactose, or L-arabinose, 0,13 
umole of MgCl:, 0.5 umole of ATP, and 0.005 ml of Fraction A, 
in a total volume of 0.023 ml. After incubation at 37° (60 min. 
utes in the case of Experiment I, 30 minutes in the case of Experi. 
ment II), the p-galacturonic acid 1-phosphate was separated 
from residual p-galacturonic acid by paper electrophoresis at 
pH 3.6. 


Experiment Unlabeled sugar added Phosphorylation 
| % 
1 None | SS 
p-Galacturonic acid | 1 
p-Glucuronic acid 76 
II None 43 
p-Galacturonic acid 0 
p-Galactose 48 
L-Arabinose 47 


— 


turonic acid (demonstrated by electrophoresis at pH 3.6) by 
treatment with 1 n HC] at 100° for 15 minutes. 

Compound I was shown to serve as a substrate for UDP-p- 
galacturonic acid pyrophosphorylase. A mixture consisting of 
Compound I (0.02 yc), 0.5 umole of UTP, 0.13 umole of MgCl, 
inorganic pyrophosphatase from yeast (20 units (24)), and 0.010 
ml of UDP-p-galacturonic acid pyrophosphorylase (6 mg of 
lyophilized powder in 0.2 ml of 0.05 m mercaptoethanol), in a 
total volume of 0.040 ml, was incubated for 2 hours at 37° and 
then subjected to paper electrophoresis at pH 5.8. Two radio- 
active spots were shown to be present. The slower one (account- 
ing for 93% of the radioactivity) had the electrophoretic mobil- 
ity of UDP-p-galacturonic acid (prepared from authentic a-p- 
galacturonic acid 1-phosphate (5)) and could not be separated 
from that nucleotide by chromatography in ethanol-ammonium 
acetate. The second spot had the electrophoretic mobility of 
p-galacturonic acid 1-phosphate. It was eluted and again 
treated with the pyrophosphorylase as described above. The 
only radioactive product of the second enzyme treatment had 
the electrophoretic mobility of UDP-p-galacturonic acid. The 
reactivity of Compound I in the pyrophosphorylase reaction 
indicates that it is of the a configuration, since 8-p-galacturonic 
acid 1-phosphate is not incorporated into UDP-p-galacturonic 
acid by that enzyme. 

Nucleotide and Metal Requirement—Table I shows that the 
kinase is specific for ATP, since only negligible phosphorylation 
resulted if this nucleotide was omitted or replaced by UTP, 
CTP, or GTP. On the other hand, the requirement for Mg** 
could be replaced by the addition of Mn++ or Co“, but not of 
Zn. or Ni. 

Phosphorylation of D-Galacturonic Acid on 
Micromolar Scale 
Nineteen umoles of p-galacturonic acid, 50 Amoles of ATP, 


20 umoles of MgCl:, and 1.5 ml of Fraction B were incubated in 
a total volume of 2.2 ml. After 55 minutes at 37°, the mixture 
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was boiled for 2 minutes. Denatured protein was removed by 
centrifugation, and the supernatant liquid was diluted with 
water to 7.5 ml. A 0.10-ml sample was heated at 100° with 0.1 
ml of 0.2 N NaOH for 10 minutes. This treatment destroys free 
p-galacturonic acid but not the 1-phosphate, since the reducing 
group is blocked in the latter; the concentration of the p-galac- 
turonic acid 1-phosphate was then determined by the carbazole 
method (18). It was found that 1.1 Amole of p-galacturonic acid 
had been phosphorylated. 

The solution containing the uronic acid 1-phosphate was con- 
centrated to dryness in a vacuum desiccator and subjected to 
paper electrophoresis at pH 3.6 on two strips of paper, 17 cm 
wide. Radioactive p-galacturonic acid 1-phosphate, prepared 
by the action of snake venom on UDP-p-galacturonic acid (0.05 
ye, 1.3 X 107% wmole), was added to aid in the localization of 
the uronic acid 1-phosphate synthesized by Fraction B. 

The front portion of the band corresponding to the radioactive 
compound was eluted (a considerable amount of trailing material 
was discarded). ATP and inorganic phosphate, which were 
also present in the eluate, were separated from the p-galacturonic 
acid 1-phosphate by prolonged (3 days) chromatography in 
ethanol-ammonium acetate. The radioactive band was eluted 
from the chromatogram and subjected to paper electrophoresis 
at pH 5.8 as a band approximately 2 cm wide. No ultraviolet- 
absorbing material could be detected on the paper by contact- 


ting. 
The product eluted after this electrophoresis contained 0.26 
umole of uronic acid. The ratio of uronic acid to phosphate 
released by heating for 15 minutes at 100° in 1 N H,SO, to re- 
ducing value was found to be 1:0.9:0.1. 


Specificity of System Phosphorylating 
D-Galacturonic Acid 

The enzyme preparations did not phosphorylate C'labeled 
methylgalacturonate. C'-labeled p-glucuronic acid and p-galac- 
tose, however, were phosphorylated at a more rapid rate than 
p-galacturonic acid, whereas L-arabinose was phosphorylated at 
a comparable rate. 

The enzymes catalyzing the phosphorylation of these sugars 
were shown to be different from the one utilizing p-galac- 
turonie acid as substrate by the data reported in Table II. 
Dilution of radioactive p-galacturonic acid with a 600-fold quan- 
tity of unlabeled p-galacturonic acid lowered the yield of radio- 
active p-galacturonic acid 1-phosphate to 0 to 1%. The addi- 
tion of a similar amount of unlabeled p-galactose, L-arabinose, 
or p- glueuronie acid, however, did not significantly inhibit the 
phosphorylation of C'-labeled p-galacturonic acid, indicating 
that these sugars are not substrates for p-galacturonic acid 
kinase. This enzyme is, therefore, distinct from kinases which 
catalyze the phosphorylation of p-glucuronic acid, L-arabinose, 
or D-galactose. 

This conclusion is consistent with the previously reported ob- 
servation that preparations from 4-day-old etiolated seedlings, 
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capable of phosphorylating p-galactose, L-arabinose, and p-glu- 
curonic acid, do not possess p-galacturonic kinase activity (10, 
13). 

D-Galacturonic Kinase Activity in Other Plants—Soluble prepa- 
rations from germinating seeds of peas and buckwheat, as well 
as from roots of radishes and leaves of parsley, were shown to 


catalyze the phosphorylation of p-galacturonic acid, indicating 
that this enzyme may be widely distributed among higher plants. 


A soluble preparation from germinating Phaseolus aureus seeds 
has been shown to catalyze the formation of C-labeled a- D- ga- 
lacturonic acid 1-phosphate from radioactive p-galacturonic acid 
and ATP. A divalent cation (Mg, Mn“, or Co) is required 
for the reaction. The p-galacturonic acid kinase has been 
shown to be distinct from the kinases capable of phosphorylat- 


ing D-glucuronic acid, p-galactose, and L-arabinose. 
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The coordinated function of mammalian systems is a mani- 
festation of the ability of the organism to maintain homeostasis 
under varying conditions. The homeostatic mechanisms in turn 
depend on the ability of the system to increase or decrease the 
rates of different metabolic reactions. Since most metabolic re- 
actions are mediated by enzyme systems, an elucidation of the 
factors that influence and regulate tissue enzyme activities is 
necessary to understand the capacity of the organism to adapt 
and maintain homeostatic dynamic equilibrium (1). 

The first two papers in this series reported results of studies on 
depletion and restoration of hepatic carbohydrate enzyme activi- 
ties (2, 3) and pointed out that, under conditions of fasting and 
refeeding, the various enzymes involved in utilization of the same 
substrate (glucose 6-phosphate) exhibited characteristically dif- 
ferent behavior. This shows that substrate level is not the only 
inducer of the examined enzyme systems and draws attention to 
other, especially hormonal, regulatory factors. A similar con- 
cept was reached by Kvam and Parks, who emphasized that 
even during substrate-induced adaptations, the adrenals were 
necessary for increases in liver glucose 6-phosphatase and fruc- 
tose 1 ,6-diphosphatase activity (4). 

Studies in various laboratories showed that cortisone adminis- 
tration (5-7), as well as diabetes (1, 8-12), increased liver glucose 
6-phosphatase, whereas hypophysectomy decreased this enzyme 
activity (12, 13). Evidence on hormonal regulation of hepatic 
glucose 6-phosphatase activity has been reviewed (14). 

In preliminary experiments (15), it was shown that it was possi- 
ble to induce by hormonal or nutritional influences specific in- 
creases of carbohydrate enzymes involved in glucose-6-P metabo- 
lism. The present work shows that cortisone administration 
increases selectively certain liver enzymes involved in gluconeo- 

genesis, whereas other enzyme systems are not affected. These 
results further emphasize the specificity of hormonal influence 
in adaptation at the enzymatic level. 


EXPERIMENTAL PROCEDURE 


Animals and Experimental Groups—Young, male Wistar rats 
weighing 110 to 160 g were maintained on Purina laboratory chow 


and water ad libitum. The following experimental groups were 
compared: normal, untreated rats; untreated, adrenalectomized 


* This investigation was supported by grants from the United 
States Public Health Service (CY-5034), American Cancer Society 
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rats; adrenalectomized rats treated with injections of 0.9% Nad 
solution; adrenalectomized rats treated with injections of 
cortisone; hypophysectomized rats treated with injections of 
0.9% NaCl solution; hypophysectomized rats treated with ip. 
jections of cortisone. There were four or more animals in each 
group, and the entire series was repeated several times. 

Adrenalectomies were performed through the lumbar approach 
under short ether anesthesia. The animals received 100 yg of 
deoxy corticosterone acetate intramuscularly daily for 3 days and 
were used for experiments a week after operation. Hypophysee- 
tomized rats were obtained from Charles River Breeding Labor- 
tories, Inc. The completeness of operations was checked at the 
autopsy of the animals. The treated rats received intramuscular 
injections of 25 mg of cortisone acetate (Cortone, Merck and 
Company, Inc.) daily for 5 days and were killed on the 6th day, 
following previously described procedures (5, 6). The control 
animals were given injections in the same way with 0.9% NaC] 
solution. 

Preparation of Homogenate and Supernatant Fluid—The ani- 
mals were stunned, decapitated, and exsanguinated. Livers 
were quickly excised, placed in beakers standing on cracked ice, 
chilled for 5 minutes, then blotted on filter paper and rapidly 
weighed. The livers were returned to the ice-cold beakers and 
minced with scissors, and 10% homogenates were prepared in 
0.9% KCl solution. Homogenization was carried out with 3 
Teflon plastic pestle turning at about 600 r.p.m. for 90 seconds. 
The supernatant fluid was obtained by centrifuging the tissue 
homogenates at 100,000 x g for 30 minutes at 0° in a refrigerated 
Spinco model L centrifuge. 

Cellularity Determination—The cellularity of the liver was de- 
termined by counting the nuclei in the liver homogenate. The 
methods of preparation, staining, and counting of liver nuclei 
followed previously described procedures (13). 

Biochemical Determinations—Nitrogen content was determined 
by the micro-Kjeldahl procedure. Glucose 6-phosphatase ac- 
tivity was studied in the homogenate, and all other enzyme ac- 
tivities were assayed in the supernatant fluid. 

Glucose 6-phosphatase activity was assayed according to Cori 
and Cori (16), with slight modification (17). Lactic dehydro- 
genase activity was measured as described by Weber (18). Glu- 


cose-6-P dehydrogenase and 6-phosphogluconate dehydrogenase 


activities were followed by the procedures of Glock and McLean 
(19). Phosphoglucomutase activity was assayed by the tech- 
nique of Najjar (20). Fructose 1,6-diphosphatase was meas- 
ured as described by Weber and Cantero (21). Phosphohexose 
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isomerase activity was determined according to Glock et al. (22). Interpretation of Biochemical and Enzymatic Results—Iin the 
All enzyme assays were run at 37° under linear kinetic conditions. interpretation of enzymatic changes, the unit basis on which ac- 

Expression of Cellularity and Biochemical Data The results of _ tivities are expressed is of crucial importance. The various con- 
cell counts were expressed as cellularity, with indication of the siderations underlying the expression of enzymatic activities have 
number of nuclei per g (wet weight) of liver. The number of liver been outlined (1, 14, 23, 24). To counteract the changes in 
nuclei per 100 g of body weight was also calculated and regis- liver size due to alterations in glycogen, fat, protein, and water 
tered as total available cellularity” (23). Liver nitrogen con- content, enzymatic activities were expressed per average cell. 
tent was expressed as milligrams of nitrogen per nucleus (per ‘To express the liver enzymatic activity in relation to the func- 
average cell) and as total nitrogen per 100 g of body weight tional need of the whole animal, enzymatic values were calcu- 
(total available nitrogen). lated as activities per 100 g of body weight (total available 

Enzyme activities were expressed per average cell and per 100 activity) (23). In comparison of the data of control and experi- 

of body weight (total available activity) as discussed previ- mental groups, results were also given on a percentage basis and 


* (1, 13). data of control animals were taken arbitrarily as 100%. 
Statistical Evaluation—The results were subjected to statistical 
TaBLe I evaluation, and the significant differences between the means 
Comparison of liver to body ratio, liver weight, cellularity, and (calculated as p values) are shown in the tables. When no sta- 
nitrogen content in normal and adrenalectomized rats tistical significance is indicated, the difference was >0.05 which 


The mean values and standard errors are given. The means is not accepted as significant. 
represent four or more animals in each group. 


% of RESULTS AND DISCUSSION 
Normal Adrenalectomized | mal 

1 Comparison of Liver Weight, Liver to Body Weight Ratio, Liver 
Body weicht. 116.0 + 2.3 | 131.0+ 5.0 113 Cellularity, and Nitrogen Content in Normal and Adrenalectomized 
Liver weight........... 5.2 + 0.3 5.1 + 0.4 98 Fed Rats—Table I shows that there were no statistically signifi- 
Liver to body weight | cant differences in liver weight, liver to body weight ratio, cellu- 

ratio X 100.......... 4.5 + 0.2 3.9 + 0.2 87 larity, and liver homogenate or supernatant nitrogen content 
. 262.0 + 12.2 248.0 & 19.1 95 between normal and adrenalectomized fed rats. This is gen- 

larity®....... 1173.0 + 76.0 | 954.0 + 51.0| 81 — — 
— and Adrenalectomized Fed Rats- Previous investigation estab- 

1.21 0.05 1.31 & 0.01 106 4 * 
Supernatant nitrogen lished that hepatic glucose 6- phosphatase activity was essentially 

per cello 0.58 + 0.03 0.6 * 0.0 103 normal in adrenalectomized fed rats (6). The results of the 
Homogenate nitrogen present work show that fructose 1 ,6-diphosphatase, phosphoglu- 

per 100 gg .. 144.5 + 6.4 | 123.5 + 3.6 85 comutase, phosphohexose isomerase, glucose-6-P dehydrogenase, 
Supernatant nitrogen 6-phosphogluconate dehydrogenase, and lactic dehydrogenase 

per 100 g. 67.2 + 2.6 | 57.1 + 2.7 85 activities were also in the normal range (Table II). 


Expressed in millions of counted nuclei per g of wet tissue. I — — — —— Body Weight —— 
+ Expressed in millions of nuclei per g of liver X liver to body R The im 1 ts oe ing alterations in — weight, 


weight ratio X 100. 
‘Calculated as milligrams of nitrogen X 10*. liver to body ratio, and cellularity is illustrated in Table III. 
¢Calculated as milligrams of nitrogen per g of wet tissue X Cortisone administration induced marked increases in liver 

liver to body weight ratio X 100. weight and in liver to body ratio. Asa result of the acute hepato 

TaBie II 


Comparison of liver enzyme activities in normal and adrenalectomized rats 
Enzyme activities are expressed in micromoles of substrate metabolized per hour at 37°. The mean values and standard errors are 
given. The means represent four or more animals in each group. 


Activity per cell x 107 Activity per 100 g 
Liver enzymes 
Normal Adrenalectomized | Normal Adrenalectomized 
Glucose 6-phosphatase.................. 24.9 & 1.7 26.5 & 1.4 106 2,878 & 105 257+ 99 87 
Fructose 1 ,6-diphosphatase............. 14.324 1.4 12.8+ 0.8 90 1,653 + 138 129+ 59 73 
Phosphohexose isomerase............... 289.7 + 7.6 350.4 + 13.7 121¢ | 33,959 + 2,615 33,550 + 2,200 9 
Phosphoglucomutase.................... 77.52 9.8 68.8 + 4.2 89 8,017 + 603 6,551 + 398 82 
Glucose-6-P dehydrogenase 2.72 0.5 2.9 & 0.4 107 325+ 80 26+ 29 82 
6-Phosphogluconate dehydrogenase 9.4 & 0.3 8.9 & 0.7 95 1097 + 86 48+ 50 77 
Lactic dehydrogenase................... 545.0 + 24.1 612.0 + 34.7 112 63,313 + 2,361 58,523 + 4,504 92 


* Statistically significant difference as compared to values of normal animals (p = <0.05). 
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megaly, a pronounced decrease in liver cellularity occurred. 
Thus, it is advisable that liver enzyme activities be expressed on 
per average cell basis since the total number of liver cells did not 
change. Enzyme activity expression on a nitrogen basis could 
be misleading since the nitrogen content was altered. Cortisone 


TABLE III 
Effect of cortisone administration on liver to body ratio, liver weight, 
cellularity, and nitrogen content in adrenalectomized rats 
The mean values and standard errors are given. The means 
represent four or more animals in each group. 


Rats treated with Cortisone-treated with NaCl 
0.9% NaCl solution rats solution 
treated 
rats 
% 
Body weight......... 149.0 + 7.0 147.0 + 4.0 99 
Liver weight......... 6.5 + 0.4 10.1 + 0.15 | 155¢ 
Liver to body weight 
ratio X 100........ 4.4 + 0.39 6.9 + 0.15 157¢ 
Cellularity®.......... 242.0 + 12.3 166.0 + 5.0 69° 
Total available cellu- 
1057.0 + 68.0 | 1145.0 + 30.0 108 
Homogenate nitro- 
gen per cell¢....... 1.27 + 0.03 1.76 + 0.11 | 139° 
Supernatant nitro- 
gen per cell?....... 0.61 + 0.02 0.92 + 0.04 151° 
Homogenate nitro- 
gen per 100 g. 133.8 & 8.3 199.3 + 10.3 149° 
Supernatant nitro- 
gen per 100 gg 64.1 + 3.6 104.7 + 4.5 163° 


* Statistically significant difference as compared to values of 
adrenalectomized animals treated with 0.9% NaCl solution (p = 
<0.05). 

Expressed in millions of nuclei counted per g of wet tissue. 

¢Expressed in millions of nuclei per g of liver X liver to body 
weight ratio X 100. 

¢Calculated as milligrams of nitrogen X10*. 

*Calculated as milligrams of nitrogen per g of wet tissue X 
liver to body weight ratio X 100. 


administration resulted in significant increases in homogenate 
nitrogen content (139%) and supernatant nitrogen content 
(151%) in the average cell. Essentially similar elevations were 
found when nitrogen values were expressed per 100 g of body 
weight. The higher liver nitrogen concentration is probably g 
reflection of cortisone-induced gluconeogenic processes which in- 
volve peripheral protein breakdown and transport and trapping 
of amino acids in the liver for conversion into glycolytic inter. 
mediates and eventually into glucose. The increased nitrogen 
concentration in the liver after cortisone administration is in ling 
with previous findings (1, 25). Calculation of data on liver to 
body weight basis demonstrates that the total available live 
nitrogen per unit of body weight also markedly increased. 
Effect of Cortisone on Liver Carbohydrate Enzymes in Adrenale. 
tomized Rats Earlier studies established that cortisone injection 
resulted in higher hepatic glucose 6-phosphatase activity in rats; 
however, the increases produced by cortisone in normal rats were 
usually not more than about 60% (5-7, 9). The present work 
shows that when cortisone was administered in adrenalectomized 
animals under the same circumstances, increases of up to 200 to 
300% could be produced. These results also show that marked 
elevations can be induced in the activities of other liver enzymes, 
namely fructose 1 ,6-diphosphatase (272%), phosphohexose isom- 
erase (185%), and lactic dehydrogenase (150%). It is of 
interest that at the same time glucose-6-P dehydrogenase and 
phosphoglucomutase were not altered significantly, and 6-phos- 
phogluconate dehydrogenase remained unchanged (Table IV). 
In other words, cortisone administration induced increases in 
those enzyme activities which are involved in the process of 
gluconeogenesis. Other enzymes, although some are involved 
in the metabolism of the same substrate (glucose-6-P), were un- 
affected. Similar values were found when activities were ex- 
pressed on per average cell or on per 100 g of body weight bases. 
Effect of Hypophysectomy on Liver Weight, Liver to Body Weight 
Ratio, Liver Cellularity, and Nitrogen Content in Rats—The ad- 
renalectomized animals showed no lesion in these parameters, 
which were essentially in normal range. However, in the hy- 
pophysectomized rats, liver and liver to body weight ratios 
tended to decrease. The shrinkage of liver was reflected in the 


TABLE IV 
Effect of cortisone administration on liver enzymes in adrenalectomized rats 
Enzyme activities are expressed in micromoles of substrate metabolized per hour at 37°. Means and standard errors represent four 


or more animals in each group. 


Activity per cell x 107 Activity per 100 g 
Liver enzymes Values com- Values com- 
NaCl solution with aCl solution with NaCl 
tion solution 
% % 
Glucose 6-phosphatase............ 21.7 + 1.8 69.0 + 5.1 318° 2,218 + 179 7,806 + 481 352° 
Fructose 1,6-diphosphatase....... 16.6 + 2.9 45.1 + 2.3 272° 1,712 + 263 5,121 + 288 299° 
Phosphohexose isomerase......... 378.1 + 31.9 699.4 + 67.5 185° 39,715 + 3,718 79,541 + 9,067 200° 
Phosphoglucomutase.............. 7.72 7.5 1ll.l + 7.6 143 8,331 + 1,185 12,701 + 1,490 152 
Glucose-6-P dehydrogenase 3.6 & 1.55 3.0 & 0.51 83 386 + 179 344 & 97 89 
6-Phosphogluconate dehydrogen- 
ĩͤ 9.7 & 0.81 11.5 & 0.53 119 1,033 + 138 1,315 x 87 127 
Lactic dehydrogenase 379.0 + 11.6 568.0 + 47.2 150° 39,955 + 2,458 64,320 + 5,399 161° 


* Statistically significant difference as compared to values of adrenalectomized animals treated with injection of 0.9% NaCl solu- 


tion (p = <0.05). 
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increased number of liver cells (319,000,000) per unit of wet 
weight in the hypophysectomized animals as compared to the 
yalues (262,000,000) of normal ones. At the same time, it seems 
gs if there is less nitrogen in hypophysectomized than in normal 


TABLE V 


Effect of cortisone on liver to body ratio, liver weight, cellularity, 
and nitrogen content in hypophysectomized rats 
The mean values and standard errors represent four or more 
animals in each group. 


[> 


Values 
compared 
solution with NaCl 
% 
Body weight......... 118.0 & 5.8 118.0 * 5.9 | 100 
Liver weight......... 4.7 & 0.1 6.7 & 0.6 | 143° 
Liver to body weight 
ratio X 1000 4.0 & 0.1 5.6 & 0.3 | 140° 
Cellularit 319.0 & 14.1 217.0 & 15.7 68° 
Total available eellu- 
larity .. 1273.0 + 70.0 | 1206.0 + 56.0 90 
Homogenate nitro- 
gen per cell*....... 1.03 + 0.02 1.26 + 0.03 122° 
Supernatant nitro- 
gen per cell*....... 0.50 + 0.03 | 0.72 * 0.05 144° 
Homogenate nitro- 
gen per 100 g*...... 129.6 & 4.3 150.8 & 6.4 | 116 
Supernatant nitro- 
gen per 100 g*...... 62.1 + 1.5 85.2 + 3.5 | 137° 


¢ Calculated as milligrams of nitrogen per g of wet tissue X 
liver to body weight ratio X 100. 

Statistically significant difference as compared to values of 
hypophysectomized animals treated with injection of 0.9% NaCl 
solution (p = <0.05). 

¢ Expressed in millions of nuclei counted per g of wet tissue. 

é Expressed in millions of nuclei per g of liver X liver to body 
weight ratio X 100. 

‘Calculated as milligrams of nitrogen X 105. 


or more animals in each group. 
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animals. These data are in good agreement with previous re- 
sults (13). 

Effect of Cortisone on Liver Weight, Liver to Body Weight Ratio, 
Liver Cellularity, and Nitrogen Content in Hypophysectomized 
Rats—The value of taking into consideration liver weight, liver 
to body ratio, and cellularity is also illustrated in Table V. 
Cortisone administration in hypophysectomized animals resulted 
in marked increases in liver weight (143%) and liver to body 
weight ratio (140%) to about the same extent as observed in 
cortisone-treated adrenalectomized rats. A decrease in liver 
cellularity (68%) also occurred in hypophysectomized rats; this 
is explained on the basis of the acute hepatomegaly, since the 
total liver cellularity did not change. Cortisone administration 
resulted in elevated liver nitrogen content in the average cell 
which was more pronounced in the supernatant fluid (144%) than 
in the total homogenate. Similar results were found when data 
were expressed on a 100 g of body weight basis; however, in this 
case, the increase in the homogenate nitrogen was not statistically 
significant. It is interesting that the hepatic nitrogen, although 
it increased as a result of cortisone injection, did not rise to the 
level reached in adrenalectomized animals under the same condi- 
tions. 

Comparison of Liver Carbohydrate Enzymes in Hypophysecto- 
mized and Cortisone-treated Hypophysectomized Rats Table VI 
shows that cortisone administration caused a significant rise in 
hepatic glucose 6-phosphatase (267%), fructose 1 ,6-diphospha- 
tase (186%), phosphohexose isomerase (183%) and lactic de- 
hydrogenase (159%) activities in the average liver cell of the 
hypophysectomized rat. Nearly identical increases were found 
when enzyme activities were calculated on per 100 g of body 
weight basis. Liver 6-phosphogluconate dehydrogenase activity 
also appeared to be increased in the average cell (141%); how- 
ever, only the data expressed per 100 g of body weight (152%) 
were found to be statistically significant. In contrast, hepatic 
phosphoglucomutase and glucose-6-P dehydrogenase activities 
were unaffected by cortisone administration in the hypophysec- 
tomized rat. 

In analysis of the effect of cortisone on enzymes in hypophysec- 
tomized animals, it is necessary to refer briefly to a comparison 


TaBLe VI 
Effect of cortisone administration on liver enzymes in hypophysectomized rats 
Enzyme activities are expressed in micromoles of substrate metabolized per hour at 37°. Means and standard errors represent four 


Activity per cell x 10? Activity per 100 g 
Rats treated pared with Cortisone-treated pared with 
Net solution rats ‘with Na NaC! solution and rats with NaCl 
solution 
% % 
eee 6-pheaphatese............ 13.0 & 0.7 34.7 & 08 | 267° | 1,604 67 4,178 & 190 | 255 
Fructose 1,6-diphosphatase....... 9.5 * 0.35 | 17.74 1.9 | 186 | 1,284 97 2085 112 | 173 
Phosphohexose isomerase......... 402.3 + 19.6 734.2 + 60.0 183¢ 50,622 + 1, 86,963 + 3,486 172. 
Phosphoglucomut ase. 60.1 + 7.1 71.12 2.9 118 7,742 + 1,296 8,544 + 352 110 
Glucose-6-P dehydrogenase 10+ 0.14 11+ 0.27 110 122 + 21.3 124 + 27.5 101 
6-Phosphogluconate dehydrogen- 
MERE ß 3.9 & 0.53 5.5 & 0.7 141 428 + 25.5 651 + 57 152° 
Lactic dehydrogenase............. 218.0 + 18.0 346.0 + 15.0 159¢ 27,252 + 1,372 41,333 + 1,172 152¢ 


* Statistically significant difference as compared to values of hypophysectomized animals treated by injection of 0.9% NaCl solution 
(p = <0.05). 
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of the absolute values of normal rats and hypophysectomized 
rats treated with 0.9% NaCl solution injection (Tables II and 
VI). Such a comparison of normal and hypophysectomized 
values shows that liver glucose 6-phosphatase, fructose 1 ,6-di- 
phosphatase, lactic dehydrogenase, and the shunt enzymes were 
decreased in hypophysectomized rats. Cortisone administration 
caused marked increases in enzyme activities involved in gluco- 
neogenesis (glucose 6-phosphatase, fructose 1 ,6-diphosphatase, 
phosphohexose isomerase, and lactic dehydrogenase). 

It appears that the enzyme increments in hypophysectomized 
rats, although pronounced, are still smaller than those produced 
in adrenalectomized rats. This agrees with the fact that the 
rise in total nitrogen content was also less in the hypophysecto- 
mized animals. It appears that for enzyme increase induced by 
cortisone, the presence of the pituitary gland is not necessary. 
However, the extent of the elevation may be influenced, in part 
at least, by the absence of the pituitary gland. From this point 
of view, it may be noted that for some of the enzymes, the in- 
creases merely restore the enzyme activity to, or slightly above, 
the normal range (glucose 6-phosphatase, fructose 1 ,6-diphos- 
phatase). 

Nature of Enzyme Increase Induced by Cortisone Administra- 
tion — The possible mechanisms of increase of liver glucose 6-phos- 
phatase have been discussed in connection with the role of this 
enzyme in glucose production (1, 13, 14). It was suggested that 
enzyme synthesis is involved in the cortisone-induced increase 
in glucose 6-phosphatase (1), and this view has gained experi- 
mental support in recent studies (4, 15, 26). Kvam and Parks 
(4) demonstrated that the amino acid antagonist, ethionine, was 
capable of inhibiting the hydrocortisone-induced increase of 
hepatic glucose 6-phosphatase and fructose 1 ,6-diphosphatase 
in a reversible manner competitive with the natural amino acid, 
methionine. These authors also showed that the increases in 
these specific phosphatases after hydrocortisone injections were 
inhibited by prior treatment of the animals with 8-azaguanine 
(26). Kvam and Parks (4, 26) concluded that the cortisone- 
induced increases in hepatic glucose 6-phosphatase and fructose 
1 ,6-diphosphatase represent true enzymatic adaptations involv- 
ing induced enzyme synthesis characterized by formation of new 
protein. The cortisone-induced enzyme increases of liver glu- 
cose 6-phosphatase, fructose 1 ,6-diphosphatase, phosphohexose 
isomerase, 6-phosphogluconate dehydrogenase, and nitrogen 
content were also counteracted by ethionine administration (15). 

The nitrogen data clearly show that the enzyme activity 
changes do not merely reflect alterations in total cellular protein 
content. Although certain hepatic enzymes increased approxi- 
mately to the extent of the elevation of the hepatic nitrogen 
content (e.g. lactic dehydrogenase), other enzymes (glucose 6- 
phosphatase, fructose 1,6-diphosphatase and phosphohexose 
isomerase) were preferentially synthesized far above the in- 
crease of liver nitrogen. On the other hand, glucose-6-P dehydro- 
genase remained in normal range which agrees with the report of 
Ashmore et al. (27), who found no increase in the direct oxidative 
pathway after cortisone administration. The comparison of the 
behavior of hepatic enzymes (specific proteins) with the total 


nitrogen content further emphasizes the specific nature of en- 


zyme induction achieved by cortisone administration. 
Comparison of Behavior of Liver Carbohydrate Enzymes under 
Gluconeogenic Conditions—Cortisone administration which causes 
hyperglycemia and liver glycogen deposition resulted in marked 
increases in hepatic glucose 6-phosphatase, fructose 1 ,6-diphos- 
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phatase, phosphohexose isomerase, and lactic dehydrogenase ac. 
tivities; phosphoglucomutase and glucose-6-P dehydrogenag 
were not significantly affected. In a case of liver glycogey 
storage disease in which hypoglycemia and very high liver glyco. 
gen levels were noted, highly increased lactic dehydrogenase, 
fructose 1 ,6-diphosphatase, phosphohexose isomerase, and phos. 
phoglucomutase were found; glucose 6-phosphatase and gluco. 
6-P dehydrogenase were absent (28). Studies on alloxan-- dis. 
betic rats with hyperglycemia and low liver glycogen showed 
markedly increased liver glucose 6-phosphatase (1, 8, 9, 11, 12) 
and fructose 1,6-diphosphatase (1), decreased glucose-6-P qe. 
hydrogenase (I, 22) and lactic dehydrogenase (1) activities; how. 
ever, phosphohexose isomerase and phosphoglucomutase were 
unaltered (1, 11). Thus, it appears that the differences in cer. 
tain carbohydrate metabolic aspects of diabetes, hypercorticoid. 
ism, and glycogen storage disease are sharply characterized by 
specific enzymatic alterations. 


SUMMARY 


The behavior of hepatic enzymes involved in glycolysis, glu- 
coneogenesis, glycogenesis, and direct oxidative pathway were 
studied after cortisone injection in adrenalectomized and in hy- 
pophysectomized rats. Liver nitrogen content and enzyme ac. 
tivities were expressed on per average cell and 100 g of body 
weight bases. 

In adrenalectomized rats, cortisone administration increased 
hepatic nitrogen content to 151% in the average cell. Liver 
lactic dehydrogenase (150%) was elevated to the same extent; 
however, glucose 6-phosphatase (318%), fructose 1 ,6-diphos- 
phatase (272%), and phosphohexose isomerase (185%) were 
preferentially increased above the hepatic nitrogen level. In 
contrast, phosphoglucomutase, glucose 6-phosphate dehydrogen- 
ase, and 6-phosphogluconate dehydrogenase activities remained 
in normal range. Calculation of nitrogen and enzyme results on 
a 100 g of body weight basis gave the same relationship. In 
hypophysectomized rats, changes induced by cortisone were es- 
sentially similar to those found in adrenalectomized animals. 

The experimental data indicate that cortisone administration 
in adrenalectomized or hypophysectomized rats selectively in- 
duced the increases in certain liver enzymes involved in gluco- 
neogenesis, whereas other enzyme systems involved in glucose 
6-phosphate metabolism were unaffected. 

The results are discussed in terms of enzyme induction and 
specificity of hepatic enzyme alterations in various gluconeogenic 
conditions. 
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Studies on the Physiological Functions of Thiamine 


I. THE EFFECTS OF THIAMINE DEFICIENCY AND THIAMINE ANTAGONISTS ON THE 
OXIDATION OF a-KETO ACIDS BY RAT TISSUES* 
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Although thiamine has been known and studied for many 
years, there is still much we do not know about its physiological 
functions and mechanism of action in biological systems, partic- 
ularly in animal tissues. Earlier workers have shown that thia- 
mine diphosphate (cocarboxylase) functions as a coenzyme in 
the metabolism of pyruvate and a-ketoglutarate (1-9). How- 
ever, the question regarding the importance of the disturbances 
in a-keto acid metabolism as contributing factors to the symp- 
toms of thiamine deficiency has never been satisfactorily an- 
swered. 

Use has been made of the thiamine antagonists, pyrithiamine 
and oxythiamine, in animal experiments in order to elueidate the 
functions and mode of action of thiamine (10-15). These stud- 
ies suggest that pyrithiamine and oxythiamine antagonize differ- 
ent reactions and, hence, elicit different deficiency symptoms. 

In view of the differences in site or mode of action or both, of 
these two thiamine antagonists, it seemed of considerable interest 
to study in detail the activity levels and characteristics of thia- 
mine-dependent enzyme systems in the tissues of animals in 
which thiamine deficiency had been induced by various methods. 
In this study thiamine deficiency was induced in rats by thia- 
mine deprivation and by the administration of pyrithiamine and 
oxythiamine, and measurements have been made of the rates of 
oxidative decarboxylation of various a-keto acids by liver mito- 
chondria and brain, kidney, and heart homogenates from normal 
and deficient rats. A preliminary report of some of this work 
has been published (16). 


EXPERIMENTAL PROCEDURE 


Design of Rat Experiments—Male white Sprague-Dawley rats 
were used throughout these experiments. Upon arrival all rats 
were placed on a basal thiamine-deficient diet (Table I) for 3 to 
4 days, after which the various supplements were started by 
daily subcutaneous injections as indicated. Vitamins A and D 
were supplied in the form of fortified halibut liver oil (3 drops 
per rat per week) added to the diet in the feed cup. The rats 
were placed in individual cages with wire-mesh screen bottoms. 


* This investigation was supported by: a special Postdoctoral 


Research Fellowship (HF-6511-C) from the National Heart In- 


stitute, National Institutes of Health for 1956 to 1958; a research 
grant (A-2448) from the National Institute of Arthritis and Met- 
abolic Diseases, United States Public Health Service; and an 
Advanced Postdoctoral Research Fellowship, American Heart As- 
sociation for 1958 to 1960. 

t Established Investigator of the American Heart Association. 


Two preliminary experiments were carried out to determine 
dosages and responses for the antagonists and other optimal 
experimental conditions. In these experiments two groups of 
controls were provided, one which received the diet ad libitum 
and another which had their food intake restricted to that 
amount which a pair-fed thiamine-deficient rat had consumed 
the preceding day. The weight gain in this group corresponded 
quite closely to that of the thiamine-deprived group. Since no 
difference was found in the tissue enzyme levels in these two 
groups, only controls fed ad libitum were used in subsequent ex- 
periments. All rats were allowed unlimited access to tap water 
and food. 

Thiamine deficiency was produced by three procedures, ic. 
thiamine deprivation, and administration of either of the two 
thiamine antagonists, oxythiamine! and pyrithiamine.' In the 
first experiment, rats of 60 to 70 g starting weight were used. 
On the basis of the experience with the first experiment (Fig. 1), 
it seemed desirable to use older rats (100 to 150 g starting weight) 
and to cut down the thiamine intake to the minimum necessary 
for optimal growth, i. e. approximately 10 g/ 100 g of body 
weight/day. It was also considered more realistic to give the 
antagonist-treated rats the same amount of thiamine which the 
control animals received and to increase the amount of antag- 
onist to appropriate levels. With 10 ug of thiamine/100 g/day, 
a pyrithiamine to thiamine ratio of 5 sufficed to produce poly- 
neuritis and convulsions in 8 to 15 days (Fig. 2). With this 
amount of thiamine, an oxythiamine to thiamine ratio of 100 
was not sufficient to cause a significant decrease in growth rate 
(Fig. 2) after 30 to 40 days. Hence, an oxythiamine to thiamine 
ratio of 200 was used in all subsequent experiments. 

The basic experiment was repeated five times as outlined be- 
low: After the initial 4 days on the basal thiamine-deficient diet 
(Table I), the rats were divided into four groups: Group I rats 
served as the control group and were treated by daily subeu- 
taneous injections of 10 ug of thiamine/100 g of body weight in 
0.2 ml of 0.9% sodium chloride solution. Group II rats re- 
ceived no supplement and served as the thiamine-deprived group. 
Group III rats received daily injections of 10 ug of thiamine + 
2000 ug of oxythiamine/100 g of body weight in 0.2 ml of 0.9% 
sodium chloride solution, and Group IV rats received 10 yg of 


1 The oxythiamine was prepared from thiamine hydrochloride 
in the author’s laboratory by the method of Rydon (17) and con- 
tained no thiamine. The pyrithiamine was obtained from the 
California Corporation for Biochemical Research, Los Angeles. 
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thiamine + 50 yg of pyrithiamine/100 g of body weight in 0.2 
ml of 0.9% sodium chloride solution. All groups were continued 
on the basal diet for the duration of the experiments. 

The rats were weighed three times weekly. When a rat 


TABLE I 
Basal thiamine-deficient diet 
Ingredient % of Diet g/20 kg 
Casein (vitamin-free)............... 20.6 4,400 
Salt mix (No. IV, University of Wis- 
r 4.5 900 
cet 5.4 1,000 
44.5 
Choline chloride.................... 80.0 


*The salt mixture contained the following ingredients with 
weight given in grams: CaCO, 1200; K. HP O., 1290; CaHPO,-2 
H.0, 300; MgSO,-7 H,0, 408; NaCl, 670; H. O, 110; 
KI, 3.2; Mns0. - 15.2; ZnCl, 1.0; CuS0O,:5 1.2. 

The vitamin mix contained the following ingredients with 
amounts given in grams for a 20-kg diet: inositol, 40.000; p-amino- 
benzoic acid, 2.000; calcium pantothenate, 1.200; nicotinic acid, 
0.800; pyridoxine, 0.120; riboflavin, 0.240; biotin, 0.004; folic acid, 
0.010; 2-methyl-1,4-naphthoquinone, 0.080. 


Mean Weight Goin in Groms 


on Experiment 


Fic. 1. Growth curves for rats in thiamine deficiency Experi- 
ment 1. The points represent the mean weight gain of the group 
for the period of time indicated. @——@, Group I, controls, 
nine rats, 50 wg of thiamine/100 g/day; @----@, Group II, 
thiamine-deprived, nine rats; A- — -A, Group III, oxythiamine- 
treated, six rats, 5 wg of thiamine + 500 ug of oxythiamine/100 
g/day; G- J, Group IV, pyrithiamine-treated, six rats, 5 
ug of thiamine + 25 ug of pyrithiamine/100 g/day. Oth, oxythia- 
mine; Th, thiamine. 
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Meon Weight Gain in Groms 


Days on Experiment 

Fic. 2. Growth curves for rats in thiamine deficiency Experi- 
ment 2. @——@, Group I, control, six rats, 10 ug of thiamine/100 
g/day; @----@, Group II, thiamine-deprived, eight rats; 
A-—-A, Group III, oxythiamine-treated, nine rats, 10 yg of 
thiamine/100 g/day. At zero time, 500 ug of oxythiamine and 
at 22 days, 750 ug of oxythiamine/100 g/day; O— - —O), Group 
IV, pyrithiamine-treated, nine rats, 10 ug of thiamine + 50 ug of 
pyrithiamine/100 g/day. 


showed symptoms of severe thiamine deficiency (i.e. rapid loss 
of weight, anorexia, untidy fur, or polyneuritic convulsions), it 
was killed, along with an appropriate control, by decapitation. 
The blood was collected by allowing it to drip into a small beaker 
containing 0.2 ml of heparin solution (2 mg) with constant swirl- 
ing to prevent clotting. To an aliquot of this whole blood an 
equal volume of perchloric acid was added. After centrifugation 
to remove the precipitated proteins, the supernatant solution 
was treated as described below for the determination of pyruvate. 
The tissues were quickly removed and placed immediately in 
separate beakers containing ice-cold 0.25 m sucrose. 

Preparations of Tissue Homogenates and Mitochondria—Each 
organ was blotted to remove excess sucrose solution and weighed 
quickly, and a suitable sample was homogenized for 2 minutes 
in a Potter-Elvehjem glass homogenizer with a plastic (Kel-F) 
pestle. The tube was kept immersed in an ice bath. Cold 
sucrose solution (0.25 M) was used as the homogenizing medium, 
and the final volume of the homogenate in milliliters was 10 times 
the wet weight in grams of the tissue taken. For the brain, 
heart, and kidney, these homogenates were used without fur- 
ther treatment. Liver mitochondria were separated essentially 
according to the method described by Schneider and Hogeboom 
(18). The liver homogenates, thus prepared, were centrifuged 
at 600 x g for 10 minutes to remove nuclei and cell debris. The 
sediment was resuspended in approximately one-fourth the 
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original volume of 0.25 M sucrose and recentrifuged for 10 minutes 
at 600 x g. The combined supernatant solution and washings 
were centrifuged at 8500 X g for 10 minutes. The sedimented 
mitochondria were washed by resuspending in approximately 
0.25 volume of 0.25 m sucrose and recentrifuging at 8500 x g for 
10 minutes. The pellet of mitochondria was resuspended in 
0.25 m sucrose by homogenizing lightly by hand in the Potter- 
Elvehjem homogenizer. Isotonic sucrose solution was added to 
make the final volume in milliliters equal to the weight in grams 
of the original tissue taken. For the determination of a-keto 
acid oxidase activity, 1 volume of this mitochondrial suspension 
was diluted with 4 volumes of 0.25 m sucrose (1:5 dilution), and 
suitable aliquots were used for assay in the reaction cuvettes as 
indicated. Total nitrogen analyses were made by the direct 
nesslerization procedure of Koch and McMeekin (19), except 
that 0.5 g of CuSeO; per liter was added to the H.SO, to act as 
a digestion catalyst. 

Determination of a-Keto Acid Oxidation by Tissue Prepara- 
tions—a-Keto acid oxidation activity was measured by two 
methods: (a) a standard manometric Warburg technique in 
which O: uptake was measured; and (b) a spectrophotometric 
method in which ferricyanide (Fe(CN).™) acted as the ultimate 
electron acceptor, and the rate of reduction to Fe(CN). was 
measured with a Beckman model DU spectrophotometer by 


.800 
.700 
/ 
600} 


Fic. 3. A plot of the values for A Ag versus time for a typical 
spectrophotometric determination of the rate of oxidation of 
pyruvate (@, A) and a-ketoglutarate (Q, @) by liver mitochon- 
dria from normal and deficient rats, respectively, with Fe(CN).= 
as electron acceptor. Reaction mixture per cuvette: potassium 


phosphate buffer (0.15 Mu, pH 7.4) 75 wmoles; MgSQ,, 20 zmoles; 


Versene (ethylenediaminetetraacetate), 2 umoles; ATP, 6 umoles; 
a-keto acid substrates, 20 or 40 zmoles; 0.2 to 0.4 ml of 1:5 dilution 
of mitochondrial suspension in 0.25 m sucrose (0.1 to .2 mg of N), 
and 0.25 m sucrose to 3.0 ml, followed by 0.7 ml of 0.00666 
u K, Fe (CN), (4.66 wmoles). Temperature = 25°. aKg, a-Keto- 
glutarate, Py, pyruvate. 
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following the change in absorbancy (A A) at 420 my. This 
method was developed to fill the need for a simple, rapid spectro. 
photometric measure of the a-keto acid-oxidizing power of tissue 
suspensions with a considerable but variable degree of opacity. 
In order to reduce the effects of variations in light transmission 
caused by variations in the turbidity, all samples were read ip 
the spectrophotometer through the frosted sides of the glas 
cuvettes. This arrangement gave reproducible readings with 
such sources of enzyme activity as suspensions of liver mito. 
chondria and 1:10 homogenates of the various tissues. 

The reaction mixtures were made up directly in Pyrex cuvettes 
with a 10-mm light path and two sides uniformly frosted. Ap 
endogenous blank was prepared for each tissue preparation and 
contained all ingredients of the reaction mixture except the sub. 
strate. The absorbancy at 420 my (Ago) in the endogenoys 
and sample cuvettes was read against a reference blank containing 
no Fe (CN). at zero time and at successive 5-minute intervals 
for 30 minutes after the addition of the Fe( CN). . The ab. 
sorbancies obtained at 5 minutes, 10 minutes, etc. were sub. 
tracted from those at zero time to give the change in absorbancy 
(A Ao) for each time interval. The corrected sample A A,, 
was a measure of the amount of Fe( CN). 7 reduced and, hence, 
of the a-keto acid oxidized during the time interval. A typical 
plot of the data demonstrates the linearity of A Ao with time 
(Fig. 3). Since the N content of the sample was determined, 
the enzyme activity was expressed in the convenient terms of the 
A A «0/30 minutes/0.1 mg of N of the sample. It was shown by 
preliminary studies that this rate“ was directly proportional to 
the amount of enzyme added under the conditions outlined, 
i.e. with optimal levels of substrate and Fe( CN). *. If the Fe. 
(CNV * content of the mixture fell below 1.3 umoles, the reac- 
tion rate decreased. Hence, an amount of enzyme was chosen 
which caused a reduction of approximately 1 to 2.5 umoles of 
Fe(CN),> in the 30-minute interval. For maximal rates the 
optimal amounts of substrate for the conditions outlined were 
between 15 and 20 umoles for pyruvate, a-ketoisovalerate,? and 
a-keto-8-methylvalerate? and 30 to 40 umoles for a-ketogluta- 
rate. If the endogenous rate is high, greater accuracy can be 
obtained by preincubation of the enzyme preparation with a few 
drops of the Fe(CN),™ solution for 15 to 20 minutes to allow the 
endogenous materials to be used up. In order to minimize day- 
to-day variations due to technical reasons (ie. instrumental, 
temperature, time, and preparation of samples), a control rat 
and a corresponding deficient rat were assayed at the same time. 
The aromatic a-keto acids (phenylpyruvic and p-hydroxyphenyl- 
pyruvic) did not appear to be oxidized by the enzyme system, 
but were oxidized chemically by the Fe(CN).™. 

Determination of Pyruvate in Blood—Pyruvate levels in the 
blood were measured by the specific enzymatic spectrophoto- 
metric method of Segal, Blair, and Wyngaarden (21), which 
utilizes the DPNH-coupled reduction of pyruvate to lactate by 
lactic dehydrogenase. The change in absorbancy (A A) at 340 
mu was shown, in confirmation of the results of the above au- 
thors, to bear a straight line relationship to the quantity of 
pyruvate reduced. The DPNH was obtained from Sigms 
Chemical Company (molar absorbancy index used = 6.22 X 
10° cm? per mole) and lactic dehydrogenase from Worthington 
Biochemical Corporation. The amount of pyruvate reduced to 


2 These a-keto acids were prepared in the author’s laboratory 
by the method outlined by Meister (20). 
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Isctate was calculated from the A As my, the molar absorbancy 
index for DPNH, and the volume of blood used per sample. 


RESULTS 


As indicated in Table II, thiamine deprivation resulted in a 
significant drop in O: uptake of rat liver mitochondria with 
pyruvate as substrate, as compared with the control group. 
The O: consumption with pyruvate was not affected, however, 
by administration of oxythiamine or pyrithiamine with thiamine 
ina ratio such as to produce acute thiamine deficiency symptoms. 
The O: uptake was not affected by any of the three types of 
induced thiamine deficiency when a-ketoglutarate or a-keto-8- 
methylvalerate was the substrate. The P:O ratios were not 
altered in any of the deficient groups with any of the three sub- 
strates used. 

The values for the rates of oxidative decarboxylation of pyru- 
rate and a-ketoglutarate by rat liver mitochondria of control 
and deficient rats, as measured spectrophotometrically with 
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Thiamine deprivation resulted in a marked drop in pyruvate 
oxidation as did treatment with oxy thiamine and pyrithiamine 
(p < 0.001). The effect was greatest in the thiamine-deprived 
rats. For comparison, the rate of oxidation of 8-hydroxybuty- 
rate was not affected in any of the thiamine-deficient groups. 
With a-ketoglutarate as substrate, only thiamine deprivation 
significantly depressed the oxidation rate (p < 0.001). The 
rate of oxidation of a-ketoisovalerate was significantly affected 
only by thiamine deprivation (p = 0.05). None of the types of 
deficiency studied had any significant effect on the rate of oxida- 
tion of a-keto-8-methylvalerate. 

The relative rates of oxidation of the various a-keto acids by 
liver mitochondria from normal stock rats are compared in 
Table IV. The rate of oxidative decarboxylation of a-keto- 
glutarate was 35% greater, whereas the rates for the two 
branched chain a-keto acids (a-ketoisovalerate and a- keto- G- 
methylvalerate) were only approximately one-third to one- 
fourth that for pyruvate. On the other hand, the straight chain 


Fe(CN).™ as electron acceptor, are presented in Table III. isomer of isovalerate (a-ketovalerate) was oxidized at approxi- 
TaBLe II 
O.-Uptake by liver mitochondria from normal and deficient rats 
Group 
* control Thiamine · deprived Oxythiamine- and thiamine: treated Pyrithiamine- and thiamine· treated 
No, of | P:0 atome O:/mg Nt | NO. °f atome O Nt Nai atoms Or/mg Nt Nag atoms Ox/mg Nt 
Pyru vate 24 2.0 | 10.7 + 0.65 9 5.2 + 1.27 8 2.1 | 10.3 + 0.88 4 2.0 | 12.8 + 0.58 
a- Ketoglut arate 24 2.7 10.2 & 0.72 10 11.3 & 1.53 8 3.0 | 10.5 + 0.88 2 2.6 11.8, 13.1 
a-Keto-8-methyl- 
valerate........| 22 1.2 6.4 + 0.69 9 7.1 & 1.14 8 1.2 7.4 + 0.68 4 1.1 5.3 + 2.21 


* Reaction condition: Each flask contained (in micromoles): ATP, 6; phosphate buffer, pH 7.4, 40; Mg** 15; a-Keto acid substrate, 
30; followed by 0.3 to 0.5 ml of mitochondrial suspension and 0.25 u sucrose solution to 3.00 ml final volume. Reaction time = 60 min- 


utes; temperature = 37°. 
t Mean + standard error of the mean. 


Taste III 


Effect of thiamine deprivation and thiamine antagonists on oxidative decarborylation of a-keto acids by rat liver mitochondria, 
with Fe (CN).“ as electron acceptor* 


Substrate 
Group Pyruvate a-Ketoglutarate a-Ketoisovalerate a-Keto-8-methylvalerate p-Hydroxybutyrate 

Control 45 | 0.301 + 0.0139 | 38 | 0.407 + 0.0148 21 0.105 + 0.0057 | 40 | 0.088 + 0.0046 3 | 0.470 + 0.500 
B,-deprived 25 | 0.075 + 0.0080 | 10 | 0.250 + 0.0209 | 15 | 0.108 + 0.0163 | 12 | 0.078 + 0.0102 1 | 0.490 
Oxythiamine- | 18 | 0.131 + 0.0118 | 14 | 0.402 + 0.0307 | 8 | 0.082 + 0.0061 | 14 | 0.078 + 0.0066 1 | 0.480 

treated | 

aa 17 | 0.128 + 0.0114 | 11 | 0.362 + 0.0275 | 10 | 0.091 + 0.0105 | 10 | 0.077 + 0.0103 | 1 | 0.520 


* Reaction conditions were as outlined in Fig. 3. 
Mean + standard error. 
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In an attempt to get some information on the question as to 
whether one enzyme or several enzymes are involved in a-keto 


TABLE IV 


Comparison of rates of oxidation of various a-keto acids by 
mitochondria from normal rats with Fe(CN).¢ as 
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acid oxidation in the liver, the technique of combining substrates 
was studied. The results are tabulated in Table VI. The rate 


with pyruvate and a-ketoglutarate together in the medium wag 


almost equal to the sum of their individual rates. This suggests 
the existence of two separate enzymes in the liver for these two 


electron acceptor* 
Relative rates of 
Subst No. of 
45 100 
a-Ketoglutarate.............. 40 135 
a-Ketoisovalerate............. 31 35 
a-Keto-8-methylvalerate. .... 40 28 
a-Ketobutyrate............... 4 47 
a-Ketovalerate............... 3 108 
8-Hydroxybutyrate........... 5 217 


substrates. When any of the other a-keto acids studied were 


combined with a-ketoglutarate, the rate was depressed evep 
below that for a-ketoglutarate alone, ie. the presence of the 
second a-keto acid inhibited the oxidation of a-ketoglutarate. 
This was true also when a-ketobutyrate or a- keto- GB- methyl. 
valerate were added to pyruvate. With pyruvate plus a-keto. 
isovalerate, the rate was nearly additive. With pyruvate plus 


of pyruvate. 


* Reaction conditions were as outlined in Fig. 3. 


mately the same rate as pyruvate. The 4 carbon acid, a-keto- 
butyrate, was oxidized at only approximately one-half the rate 


As shown in Table V, the addition in vitro of 1.1 umole of co- 
carboxylase to the reaction mixture, approximately 10 to 20 
minutes before starting the reaction, restored the rate of pyruvate 
oxidation by liver mitochondria from thiamine-deprived and 
pyrithiamine- treated rats to the normal level. It had no signifi- 
cant effect on the rate in mitochondria from normal or oxythia- 
mine-treated rats. With a- ketoglutarate as substrate, the ad- 
dition in vitro of cocarboxylase like wise had no significant effect. 


a-ketovalerate, there was some increase over pyruvate alone, but 


the rate lacked considerably of being the sum of the two rates, 
Brain, kidney, and heart homogenates were found to have very 


low pyruvate and a-ketoglutarate oxidase activity under the 
conditions used for liver homogenates or mitochondria. As 


shown in Table VII, all three tissues required, in addition, DPN, 


TaBLe VI 


nicotinic acid amide, and fumarate for optimal activity with 
pyruvate and one or more of these for maximal activity with 


Effect of combining substrates on oxidation of a-keto acids 
by liver mitochondria from normal rats 


A 44%j0 min/0.1 ml of Mitochondrial suspension 


This was to be expected since the rates of a-ketoglutarate oxida- 
tion in the mitochondria of the oxythiamine- and pyrithiamine- _Pyru- | aKeto- | a-Keto- | % Keto Keto. [Pyruvate Keto- 
treated rats were as high as in the control rats. The rate of |slutarate/ butyrate) ſerate |'valerate | Valerate erketo acid |sitarate + 
oxidation of a-ketoglutarate in the mitochondria of the thiamine- 
deprived rats was depressed in this series as it was in the larger 9-341 | 0.767 1.005 | 1.005 
series shown in Table III, but the decrease was not statistically — — 0.170 0.180 — pod — 
significant, nor was the increase resulting from the addition of ; : : ' 
0.309 0. 589 0. 148 0.254 0. 182 
TDP; this was due presumably to the degree of variation and 
: 0.369 | 0.653 0.398 | 0.495 0.567 
small number in the groups. 
TABLE V 
Effect of addition in vitro of TDP (cocarbozylase) on oxidation of a-keto acids by rat liver mitochondria 
with Fe (CN).“ as electron acceptor* 
Substrate 
: Pyruvate a-Ketoglutarate 
— 445/30 min /o. i mg Nt 4 44/0 min /o. 1 mg Nt 
o. of No. of 
TDPt TDPt 
Control 17 | 0.298 + 0.0294 | 0.317 + 0.0296 | 11.8 + 6.78 11 | 0.604 + 0.0361) 0.667 + 0. 13.2 + 8.30 
Thiamine-deprived 12 | 0.110 + 0.0138 | 0.304 + 0.0087 | 211.0 + 42.70 11 | 0.468 + 0. 0621 0.584 + 0. 36.0 + 10.00 
Oxythiamine- and 9 | 0.204 + 0.0342 | 0.249 + 0.0205 37.1 & 13. 6 | 0.732 + 0.0521 0.740 + 0. 2.5 + 7.24 
thiamine-treated 
Pyrithiamine- and 8 | 0.147 + 0.0302 | 0.342 + 0.0348 | 164.5 + 38. 6 | 0.737 + 0. 0.767 + 0.0653; 5.6 + 5.81 
thiamine-treated 


t Mean + standard error. 
t TDP, 1.1 mole, was added to appropriate cuvettes 10 minutes before the reaction was started. 


* Reaction conditions were as outlined in Fig. 3. 
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a-ketoglutarate. For the sake of uniformity, the complete re- 
action mixture as outlined in Table VII was used for these three 


tissues. 
The effects of the various types of thiamine deficiency on the 
oxidative decarboxylation of pyruvate and a-ketoglutarate by 


VII 
Optimal reaction conditions for Fe(CN)«™-coupled oxidation of 
a-keto acids by rat brain, kidney, and heart homogenates 


Tissue 
Brain | Kidney | Heart 
vate 
Complete system 0.245 0.432 0.400 
Complete system — DPN....... 0.145 0.410 0.150 
Complete system — nicotinamide 0.210 | 0.380 | 0.210 
Complete system — fumarate...| 0.050 0.000 
a-Ketoglutarate 

Complete system................ 0.360 | 0.587 | 0.320 
Complete system — DPN....... 0.220 | 0.561 0.330 
Complete system — nicotinamide. 0.280 0.464 0.310 
Complete system — fumarate...| 0.360 0.383 0.340 


* The complete system contained, per cuvette: potassium phos- 
phate buffer (0.1 u, pH 7.4), 75 umoles; MgSQ,, 20 umoles; sodium 
Versenate, 20 umoles; ATP, 6 wmoles; DPN*, 1 umole; nicotinic 
acid amide, 120 moles; sodium fumarate, 4.3 wmoles; a-keto acid 
substrate, 20 wmoles for pyruvate a-ketoisovalerate and a-keto- 
é-methylvalerate and 40 moles for a-ketoglutarate; 1:10 brain 
homogenate, 0.1 to 0.4 ml (0.2 to 0.4 mg N), and 0.25 M sucrose 
to 3.0 ml. The reaction was started by addition of 0.7 ml of 
0.00666 « K, Fe (CN),“ (4.66 uwmoles). Total volume = 3.7 ml. 
Kidney homogenate, 0.05 to 0.15 mg of N; heart homogenate, 0.1 
to0.15 mg of N. Temperature = 25°. 
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homogenates of brain, kidney, and heart, with Fe( CV.,“ as 
electron acceptor, are shown in Table VIII. Thiamine depriva- 
tion or oxythiamine treatment had no significant effect on the 
oxidation of either pyruvate or a-ketoglutarate by brain homog- 
enates. On the other hand, pyrithiamine treatment caused a 
significant (p < 0.001) decrease in the oxidation of both pyruvate 
and a-ketoglutarate. Preliminary studies had shown that the 
two branched chain a-keto acids, a-ketoisovalerate and a-keto- 
8-methylvalerate, were not oxidized by brain homogenates nor 
by homogenates of kidney and heart under these conditions. 
They appeared, in fact, to inhibit even the endogenous oxidation. 

As indicated in Table VIII, all three types of induced thiamine 
deficiency resulted in a marked decrease.in the rate of pyruvate 
oxidation by kidney homogenates (p < 0.001 for all three 
groups). Thiamine deprivation and pyrithiamine treatment 
also resulted in a significant (p < 0.001) decrease in the rate of 
a-ketoglutarate oxidation, but oxythiamine treatment had no 
effect. 

The data on the oxidation of pyruvate and a-ketoglutarate 
by rat heart homogenates shown in the last two columns of 
Table VIII are somewhat preliminary but indicate that the 
administration of oxythiamine or pyrithiamine caused a marked 
reduction (p < 0.002) in the oxidation of pyruvate under these 
conditions. The decrease shown for the thiamine-deprived 
group was of borderline significance (p = 0.05). With a-keto- 
glutarate as substrate, the 24% decrease in oxidation rate found 
for thiamine-deprived rats was likewise only on the borderline 
of significance (p = 0.04). The rate found in the pyrithiamine- 
treated group was essentially the same as in the control group, 
but the rate in the oxythiamine-treated group showed a signifi- 
cant decrease (p < 0.006). 

As shown by Table IX, the decreased oxidation of pyruvate 
by brain homogenates that results from treatment of rats with 
pyrithiamine could be restored to normal by the addition in 
vitro of thiamine diphosphate to the reaction mixture. In the 


Tasie VIII 


Effect of thiamine deprivation and thiamine antagonists on oxidative decarbozylation of pyruvate and a-ketoglutarate by 
homogenates of rat brain, kidney, and heart with Fe (CN).“ as electron acceptor* 


Tissue 
Brain Kidney Heart 
Pyruvate a-Ketoglutarate Pyruvate a-Ketoglutarate Pyruvate a-Ketoglutarate 
No. A 1 No. of 4 A 1 No. of} 4 1 
Control 30 | 0.171 30 | 0.201 37 | 0.298 29 | 0.450 10 | 0.193 12 | 0.394 
+ 0.0084 + 0.0117 + 0.01 + 0.0128) + 0.0 + 0.0198 
Thiamine-deprived 9 | 0.130 9 | 0.244 13 | 0.132 16 | 0.203 9 | 0.131 10 | 0.301 
+ 0.01 + 0.0272) + 0.01 + 0.0071 +0 + 0.0084 
Oxythiame-treated | 10 | 0.141 10 | 0.213 13 | 0.143 10 | 0.471 5 | 0.063 5 | 0.250 
+ 0.01 + 0.0118 + 0.0121 + 0.0079 + 0.0104 + 0.0285 
Pyrithiamine- 13 | 0.084 12 | 0.112 15 | 0.116 14 | 0.282 6 | 0.081 6 | 0.328 
treated + 0.0123 + 0.0166 + 0.0 + 0.0055) + 0.0284) + 0.0303 


Reaction conditions were as outlined in Table VII. 
t Mean + standard deviation. 
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TaBLe IX 
Effect of addition in vitro of cocarbozylase (TDP) on oxidation of pyruvate and a-ketoglutarate by rat brain 
homogenates with Fe (CV).“ as electron acceptor* 
Substrate 
a Pyruvate a-Ketoglutarate 
Group rats — 
A 440% 0 min/0.1 mg Nt 4 Aeo/30 min/0.1 mg Nt 
TDPt rats TDPt 
No supplement | TDP No supplement TDP 
| % % 
Control 9 0.169 + 0.0162 | 0.171 + 0.0151 2+ 3.3 8 0.224 + 0.0262 0.233 + 0.0244 4+ 4.0 
Pyrithiamine- 9 0.074 + 0.0147 0.159 + 0.0138 162 + 33.5 8 0.089 + 0.0127 0.167 + 0.0204 | 105 + 24.7 
treated 
| 


* Conditions were as outlined in Table VII. TDP, 1.1 umole, was added to the appropriate cuvettes 8 to 10 minutes before the re- 


action was started. 
t Mean + standard error. 


TABLE X 
Effect of combining substrates on oxidation of a-keto acids by normal 
rat brain homogenates* 
| No. of 
Substrate per cuvette 1—2 Homogenate 

4 40%30 min/0.2 ml 
Pyru vate 20 7 | 0.300 + 0.0331 
a-Ketoglutarate............ o | 9 0.510 + 0.0289 
Pyruvate + a-ketoglutarate 60{ 8 0.765 + 0.0535 


* Reaction conditions were as outlined in Table VII. 
t Mean + standard error. ork 
t Pyruvate, 20 umoles; a-ketoglutarate, 40 moles. 


case of a-ketoglutarate, the rate was restored to only approxi- 
mately 75% of normal. 

When both pyruvate and a-ketoglutarate were added to the 
same reaction mixture, their rates of oxidation were very nearly 
additive (Table X), as was found to be the case for liver mito- 
chondria (see Table VI). 

The results of the addition in vitro of thiamine diphosphate to 
kidney homogenates are presented in Table XI. With pyruvate 
as substrate, the addition of 1.1 umole of thiamine diphosphate 
to the homogenates from control rats resulted in an increase in 
the oxidation rate which was just bordering significance (p is 
slightly greater than 0.05). The rate in kidney homogenates 
from thiamine-deprived rats was restored to normal or above, 
whereas those for oxythiamine- and pyrithiamine-treated rats 
were restored to 68 and 87%, respectively, of the rate in normal 
homogenates with thiamine diphosphate added. In homogen- 
ates from control and oxythiamine-treated rats, the oxidation 
rate of a-ketoglutarate was not changed by the addition of 
thiamine diphosphate. Pyrithiamine treatment caused a reduc- 
tion in the a-ketoglutarate oxidation rate, but thiamine diphos- 
phate in vitro did not significantly increase the rate. On the 
other hand, thiamine deprivation caused the greatest decrease 
in the oxidation of a-ketoglutarate (to 44% of normal), and 1.1 
umole of thiamine diphosphate sufficed to increase this rate to 
71.5% of the normal. 

The mean blood pyruvate levels for the various groups of 
rats are presented in Table XII. Thiamine deprivation and 


oxythiamine treatment resulted in a highly significant increase 
(p < 0.01) in blood pyruvate when compared to the control 
group. On the other hand, the deficiency induced by pyrithia- 
mine treatment had no significant effect on the blood pyruvate 
level. 


DISCUSSION 


Consideration of the growth curves shown in Figs. 1 and 2 and 
of other gross deficiency symptoms disclosed some interesting 
findings. As would be expected, rats deprived of thiamine grew 
at an essentially normal rate and had a healthy appearance until 
body stores were used up; then, quite suddenly, the rats showed 
a lack of appetite and slowing and cessation of growth, followed 
by rapid deterioration and death. The diet described in Table 
I proved to be very effective in producing thiamine deficiency, 
even in older rats. Rats fed this deficient diet but treated by 
daily injection with 10 ug of thiamine/100 g of body weight 
grew at a normal rate for the duration of the experimental 
periods and appeared healthy. When pyrithiamine was given 
to these rats along with the above amount of thiamine, so that 
the ratio of pyrithiamine to thiamine was 5:1, the rats were 
able to grow normally and appeared healthy for a period of time 
even longer than that for the thiamine-deprived rats. Then, 
suddenly and without much warning in the way of gross symp- 
toms, the rats developed convulsions (polyneuritis) and died 
within 12 to 48 hours. Weight loss was not usually evident 
until polyneuritis prevented the animals from eating or drinking. 
It would be interesting to know what effects forced feeding might 
have on the progress of this type of deficiency. In contrast to 
the above types of induced deficiency, the development of symp- 
toms in the deficiency produced by treatment with oxythiamine 
followed a quite different pattern. These rats appeared untidy, 
lost their appetite, and did not grow well, or actually lost weight 
right from the beginning. They deteriorated gradually and 


died; death was possibly, in part, due to inanition. 


The spectrophotometric ferricyanide method for measuring 
the oxidative decarboxylation of a-keto acids, described and 
used throughout this study, is much more sensitive and con- 
venient than the conventional manometric methods. This may 
be due to the faster oxidation rate for the Fe( CV. 7 method as 
compared to the O: manometric procedure (3). With the 
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TaBLe XI 
Effect of addition in vitro of TDP on rate of oxidation of a-keto acids by rat kidney homogenates with Fe (CV).“ as electron acceptor* 
Substrate 
Pyruvate a-Ketoglutarate 
Group 
4 440% 0 min/0.1 mg N 4 Ao/30 min/0.1 mg of N 
rats TDP Rats TDP 
No supplement TD Pf No supplement TDPt 
% % 

Control 20 | 0.264 + 0.0070 | 0.336 + 0.0285 31 + 18.4 12 | 0.402 + 0.0370 | 0.405 + 0.0494 | 1 + 2.8 
Thiamine-deprived 7 | 0.091 + 0.0027 | 0.418 + 0.0700 & + lid 7 | 0.178 + 0.0210 | 0.289 + 0.0314 + 14.7 
Oxythiamine-treated | 8 | 0.139 + 0.0077 | 0.229 + 0.0139 56 + 7.1 5 | 0.373 + 0.0166 | 0.380 + 0.0149 | 2 + 2.1 
Pyrithiamine- 12 | 0.095 + 0.0126 | 0.292 + 0.0239 262 + 43.8 10 | 0.261 + 0.0099 0.294 + 0.0091 12 + 5.2 

treated 


ing the reaction. 
t Mean + standard error. 


Fe(CN).™ method, a marked reduction of pyruvate oxidation 
by liver mitochondria was found in all three types of deficiency, 
whereas the manometric method indicated a deficiency of pyru- 
vate oxidation only in the thiamine-deprived rats. 

The results of this study confirm and extend earlier observa- 
tions (4-7) that pyruvate oxidation is much more susceptible 
to thiamine deficiency than is a-ketoglutarate oxidation, and 
that the decreased oxidation rate in the deficient tissues is much 
more readily restored to normal levels by the addition in vitro 
of the coenzyme with pyruvate as substrate than with a-keto- 
glutarate. The data agree with the idea which has been ex- 
pressed (4-7), i.e. that the decrease in enzyme activity in the 
deficient liver is the result of a deficiency in the coenzyme rather 
than of an inability to synthesize the apoenzyme. The fact 
that the oxidation of B-hydroxybutyrate is not at all affected 
by thiamine deficiency suggests that the low oxidation rates in 
deficiency are not due to a nonspecific inability to synthesize 
the enzyme protein as a result of inanition or other factors. The 
apoenzyme is maintained in the tissues even in severe deficiency 
and inanition. 

Since deficiency symptoms and death occur earlier and symp- 
toms are more severe in animals treated with oxythiamine and 
pyrithiamine than in thiamine-deprived animals, one would 
expect the disturbance in a-keto acid oxidation to be greater 
after treatment with the antagonists. However, both the 
pyruvate and a-ketoglutarate oxidase activities are appreciably 
lower in thiamine-deprived rat livers than in the livers of the 
antagonist-treated rats. This would suggest that there are 
other disturbances in physiological functions which contribute 
as much or more to the causes of the deficiency symptoms and 
death than do the disturbances in a-keto acid metabolism. 

It has been repeatedly demonstrated during the course of this 
work that the symptoms resulting from thiamine deprivation 
and oxythiamine administration never included polyneuritis and 
convulsions, and could be readily reversed by administration of 
thiamine or cocarboxylase or by discontinuance of oxythiamine 
administration. However, when symptoms (largely polyneuri- 
tis) had developed after pyrithiamine administration, these could 


* Reaction conditions were as outlined in Table VII. TDP, 1.1 umole, was added to the appropriate cuvettes 10 minutes before start- 


XII 
Effects of various types of induced thiamine deficiency 
on blood pyruvate levels of rats 


Group Supplements No, of Blood pyruvate 
mg/100 mit 
Control........... Thiamine, 10 yg 16 | 1.56 + 0.106 
Thiamine-deprived| None 12 | 2.38 + 0.191 
Oxythiamine- and 
thiamine-treated Thiamine, 10 ug, Oxy- 9 3.05 + 0.457 
thiamine, 2000 ug 
Pyrithiamine- and 
thiamine-treated| Thiamine, 10 ug, Pyri- | 6 | 1.87 + 0.339 
thiamine, 50 ug 


* Administered daily subcutaneously per 100 g of body weight. 
t Mean + standard error. 


seldom be reversed and death prevented, and then only with 
great difficulty, even though the pyrithiamine was discontinued 
and thiamine administered immediately. This is difficult to 
understand in view of the findings reported in Tables V, IX, and 
XI, i.e. that the depression in the oxidation rate of pyruvate in 
the liver, brain, and kidneys of pyrithiamine-treated rats was 
readily restored to normal by the addition in vitro of cocarboxyl- 
ase, whereas the rates in the liver and kidney of the oxythiamine- 
treated rats were not appreciably affected. These findings add 
further support to the idea that factors other than the derange- 
ments in a-keto acid metabolism are involved in the develop- 
ment of symptoms and death after thiamine deficiency. The 
data on the blood pyruvate levels (Table XII) lend further sup- 
port to this idea. Thus, rats made deficient by thiamine depri- 
vation or oxythiamine administration had high blood levels of 
pyruvate, whereas in pyrithiamine-treated rats the blood levels 
were not significantly higher than in normal rats. These data 
also suggest a different locus or mechanism of action for these 
two antagonists (12). The finding that, of the three types of 
induced thiamine deficiency studied, only pyrithiamine antago- 
nized pyruvate and a-ketoglutarate oxidation in the brain is 
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significant in view of the fact that in rats, only pyrithiamine 
causes polyneuritis and convulsions. These findings offer a 
basis for some of the differences in action of oxythiamine and 
pyrithiamine. They do not, however, indicate the mechanism 
for the difference or for the development of polyneuritis. 
Whether the degree of disturbance in a-keto acid metabolism in 
the brain, indicated by this study, could be sufficient to be 
responsible for the polyneuritis seems doubtful. It would seem 
more likely that some as yet undiscovered action of pyrithiamine 
might be the precipitating cause as suggested by Woolley and 
Merrifield (12). Further studies are being directed to this end. 

The difference in the effects of oxythiamine and pyrithiamine 
on a-ketoglutarate oxidation in the kidneys (Table VIII) indi- 
cates another area in which these two antagonists differ in their 
mode or locus of action. 

The addition in vitro of thiamine diphosphate to kidney ho- 
mogenates invariably resulted in an increase in the rate of reduc- 
tion of Fe( CN) both in the absence of substrate (endogenous) 
and with pyruvate. This was true even in non-thiamine-defi- 
cient (control) rats (see (4)). This would suggest that there 
might be a suboptimal level of thiamine diphosphate in the 
kidneys of even the so-called normal“ rats. 

The results of the combined substrate approach suggest that 
the enzyme system which oxidizes a-ketoglutarate likewise oxi- 
dizes a-ketobutyrate, a-ketoisovalerate, a-keto-8-methylvaler- 
ate, and a-ketovalerate; but that separate enzymes are involved 
in the oxidation of pyruvate and a-ketoglutarate. The pyru- 
vate-oxidizing enzyme system likewise appears to act on a-keto- 
butyrate and a-keto-8-methylvalerate but seems to be different 
from the one which oxidizes a-ketoisovalerate. These data 
serve mostly as a starting point for further studies on the isola- 
tion and characterization of these enzymes. ti 


SUMMARY 


Rats were made deficient by thiamine deprivation and ad- 
ministration of oxythiamine and pyrithiamine, and the oxidative 
decarboxylation of various a-keto acids was studied in vitro in 
liver mitochondria and in homogenates of brain, kidneys, and 
heart of normal and deficient animals with a spectrophotometric 
method in which ferricyanide is the electron acceptor. This 
method was more sensitive than the usual manometric methods. 

All three types of deficiency caused a marked decrease in 
pyruvate oxidation in liver mitochondria and kidney homogen- 
ates which could be largely restored to normal by the addition 
in vitro of cocarboxylase (thiamine diphosphate). Oxythiamine 
treatment and pyrithiamine treatment had no effect on a-keto- 
glutarate oxidation in liver mitochondria, but thiamine depriva- 
tion resulted in a significant decrease. Thiamine deprivation 
and pyrithiamine treatment caused significant lowering of 
a-ketoglutarate oxidation by kidney homogenates, but oxythia- 
mine treatment had no such effect. 

The rate of oxidation of a-ketoisovalerate and a-keto-- 
methylvalerate by liver mitochondria was only one-third to 
one-fourth that for pyruvate and was not significantly affected 
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by thiamine deficiency. a-Ketoglutarate was oxidized at a 
rate 35% greater than pyruvate; a-ketovalerate, at approxi- 
mately the same rate as pyruvate; and a-ketobutyrate, at ap- 
proximately half the rate. 

Thiamine deprivation and oxythiamine treatment did not 
influence the oxidation of either pyruvate or a-ketoglutarate by 
brain homogenates, but pyrithiamine treatment resulted in a 
significant decrease. This could be restored to normal by thia- 
mine diphosphate in vitro. This correlated with the fact that 
only pyrithiamine treatment caused polyneuritis. 

In heart homogenates all three types of deficiency resulted in 
lower rates of pyruvate oxidation. Only thiamine deprivation 
and oxythiamine treatment lowered a-ketoglutarate oxidation. 

The data suggest that two or more enzymes are involved in 
the oxidation of the various a-keto acids studied. 

Blood levels of pyruvate were high in thiamine-deprived and 
oxythiamine-treated rats but were normal in pyrithiamine- 
treated rats. 
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Adipose tissue, stimulated by epinephrine (1, 2) or other hor- 
mones (3-6), discharges fatty acids into an incubation medium. 
It also can take up acids and esterify them (7). The possibility 
thus arises that the opposing effects, uptake and lipolysis, might 
be the forward and reverse aspects of a single process (8, 9). If 
this is the case, the quantity of fatty acids taken up and the 
quantity released should tend to vary inversely in response to 
various stimuli, and the fluxes should involve a common intra- 
cellular fatty acid pool. 

The present study was undertaken to define the chemical na- 
ture of the heptane-soluble organic acids in adipose tissue and the 
functional relation of this pool to uptake and lipolysis. The re- 
sults suggest that it is composed mainly of long chain fatty acids 
produced by lipolysis of cellular fat. Uptake appears to be an 
independent process, distinct from the re-esterification of acids 
in the lipolytic pool. 

EXPERIMENTAL PROCEDURE 


Epididymal fat pads (taken from male Sprague-Dawley rats, 
200 to 250 g, fed Purina Fox Chow ad libitum) were transferred 
immediately into 5 ml of incubation medium. The basal me- 
dium, Krebs-Ringer-bicarbonate buffer (10), contained bovine 
albumin (5%) and glucose (200 mg/100 ml); it was gassed with 
5% CO2-95% O,, adjusted to pH 7.35, and warmed to 37° before 
killing the animal. Some flasks contained palmitic acid-1-C™ 
(Tracerlab, Inc., or New England Nuclear Corporation), P®- 
phosphate (Oak Ridge National Laboratory), or epinephrine 
(Parke, Davis and Company, 1 wg per ml) added to the basal 
medium. Each flask was opened momentarily to receive the 
tissue, briefly gassed again, then closed and incubated for 2 hours, 
except as otherwise noted. 

Media and pads were extracted with the H.SO,-isopropanol- 
heptane-water (HSO. -M), as previously described (11), or with a 
new system, citrate-isopropanol-heptane-water, which was de- 
veloped for countercurrent analysis in the present study. With 
extraction at a higher pH, the new system yields a lower per- 
centage of long chain fatty acids on a single distribution, but 
provides greater discrimination between fatty acids and acidic 
phospholipids. The extraction mixture, citrate-M, contains 
citrate buffer (0.3 u, pH 4.5), 1 volume; isopropanol, 4 volumes; 
heptane, 1 volume. To extract incubation medium or plasma, 
shake 2 volumes of medium with 6 volumes of citrate-M; wait 
approximately 5 minutes, then add 3 volumes of heptane. To 
extract a fat pad, homogenize briefly in 18 ml of citrate-M; wait 
about 5 minutes, then add 6 ml of H- O and 9 ml of heptane. The 
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two-phase systems thus formed have the same phase-volume ra- 
tios (4:7) as the usual H,SO,-M extraction system. The lower 
phase of the citrate system should be at pH 5.0 + 0.1, a value 
approximately 0.5 pH unit higher than the original buffer be- 
cause of less dissociation of carboxyl groups in the semiaqueous 
medium. 

Countercurrent analysis of extracts was performed in a Craig- 
Post unit (12) with the citrate solvent system (5-ml upper phase 
and 10-ml lower phase). Approximate values for distributions 
in this system are palmitic acid (K = 4.5), lauric acid (K = 2.1), 
and acidic phospholipids detectable by uptake of P® into the pad 
(K = 1.5). The extracts of fat pads used as loads (necessarily 
concentrated because of the low concentration of acidic material 
in the tissue) were quite viscous, and the phases separated 
slowly. Cooling the extract overnight to 4° crystallized out a 
large amount of neutral fat without loss of titratable acidity; 
this speeded the analysis somewhat, but gentle mixing continued 
to be necessary to avoid emulsification. 

Fatty acids were separated from fatty esters in the heptane 
extract by absorption onto a column of Amberlite IRA-400, 
freshly converted to hydroxyl form. After the column had been 
washed with 5% ethanol-95% ethyl ether to remove traces of 
esters, the fatty acids were eluted with 10% acetic acid-5% 
ethanol-85% ethyl ether. Complete recovery (99%) of the fatty 
acids is obtained if the column is filled with eluting solution and 
left to equilibrate overnight, an improvement in technique due to 
Bierman. 

Radioactive fractions were assayed in a Packard Tri- Carb 
liquid scintillation counter with 15 ml of toluene as solvent and 
2,5-diphenyloxazole (60 mg) and p-bis[2-(5-phenyloxazoly])]- 
benzene (1.5 mg) as scintillators. The P. was counted with 
sufficiently high attenuation to eliminate pulses from Ci“, it thus 
was possible to measure small amounts of P® in the presence of 
high Ci“ activities. 

Calculation of Uptake and Output—Estimation of the uptake 
of fatty acids from the entry of palmitic acid-1-C™ was somewhat 
complicated by the fact that some pads were simultaneously 
releasing fatty acids. An epididymal pad, stimulated by epi- 
nephrine, can triple the concentration of fatty acid in 5 ml of me- 
dium during 2 hours of incubation and thus markedly dilute 
the specific activity of fatty acids in the medium. This depresses 
the apparent uptake, estimated from initial specific activity 
and counts incorporated, to below that of a control pad, not 
releasing fatty acids even when the two tissues actually have taken 
up the same total amount. 

A correction for dilution of activity in the medium can be cal- 
culated from the initial and final concentrations and specific ac- 

1 E. L. Brerman, personal communication. 
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tivities. Assume that the two fluxes, influx (f;) and outflux (J), 
are constant during the period of incubation, that the specific 
activity of the outflux remains zero (see Results“), and that 
extracellular fatty acid is mixed in a single pool. With these as- 
sumptions the variation of specific activity is given by 


qo 
alt) a (— 


in which qo is total quantity of fatty acid initially present in the 
medium, do is the initial specific activity, and 6 = / C: — fi). 
If outflux from the pad is negligible (usually the case with a pad 
in basal medium) the exponent, 1 + 6, vanishes, and specific 
activity remains constant, reflecting the fact that an unselective 
uptake from a pool does not change its composition. On the 
other hand, with active lipolysis the outflux of unlabeled material 
dilutes the external pool; the mean specific activity during an 
incubation period is 


1 ef 1 
4 =- dt = a ——— 
1 a 
in which a = (C: p /go is the fractional increase in the fatty 
acid concentration of the medium 4t the end of incubation, and 
k = In (I +a). For f: >/fi, this expression approaches 


* 
ad 
a 


With this value as a preliminary estimate of mean specific ac- 
activity, d, the total uptake of fatty acids, fip, can be estimated 

a 


Sip 
in which go and ay are initial, and q and a are final values of quan- 
tity and specific activity, respectively. The outflux is given by 


These estimates of fi and : can be used to calculate 6, thus pro- 
viding a better approximation to mean specific activity, and 
from this an improved estimate of the fluxes. A simpler pro- 
cedure, giving essentially the same correction when 0.1 /f: < 
0.2, is to decrease the first estimate of d by 15%; with greater 
values of /:, successive approximations must be used because 
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Fic. 1. Countercurrent analysis of fat pad extract. The titrat- 
able acidity of the heptane phase closely follows the distribution 
of tracer palmitic acid-1-C". Solvent system: citrate buffer- 
isopropanol-heptane; pH (aqueous phase) 5.0. @, titration of 
upper phase; ©, radioactivity of tracer CW. palmitie acid. 
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q falls sharply with contraction of labeled pool that mixes with 
unlabeled material. 

Another complication is possible in principle. If the entrant 
and emergent streams of fatty acid mix in an intracellular pool, 
labeled material will be carried out of the tissue by counter. 
current exchange. The entry of label into triglyceride thus 
would fail to measure the actual amount of esterification, despite 
full allowance for dilution of the extracellular pool. In the pres- 
ent study, however, the results indicated that uptake of fatty 
acid was independent of the intracellular pool, and so no further 
correction seemed to be indicated. 

The assumption that the uptake of albumin-bound palmitic 
acid-1-C™ measures the uptake of other unlabeled fatty acids in 
the medium was supported by the constancy of the specific ac- 
tivity in medium which was bathing tissues that were taking up, 
but not releasing, appreciable amounts of fatty acid. 

RESULTS 

Nature of Acidic Lipid in Adipose Tissue Epididymal pads 
were extracted immediately after removal from the animal by 
brief homogenization in H: SO. M or citrate-M solvent mixtures. 
Further additions of water and heptane formed two-phase sys- 
tems; a trace of high activity palmitic acid-1-C" (of purity veri- 
fied by gas-liquid chromatography) was added as a marker, and 
each extract was then fractionated by 60-transfer countercurrent 
analysis. As shown in Fig. 1, illustrating an analysis with 
citrate-M system, the titratable acidity of a fat pad extract 
closely followed the distribution of the labeled palmitic acid. 

To test the possible contribution of phosphatidic acids to the 
pool of heptane-soluble acid, fat pads were incubated for 2 hours 
in medium containing Px. phosphate, and then were extracted 
with either HSO. M or citrate-M and distributed in the citrate 
system with a trace of palmitic acid-1-C". The Pu activity was 
completely separated from the peak of titratable acidity and 
labeled palmitic acid, which remained together. 

To test the possibility that an appreciable fraction of the fatty 
acids in the extracts might be trapped in extracellular spaces, 
‘pads were incubated for 1 hour in medium containing high ac- 
tivity, albumin-bound palmitic acid-1-C. After incubation, 
the pads were washed with five changes of blank medium, ex- 
tracted and fractionated to separate fatty acids from esters. 
The fatty acid fraction of the pad extracts was found to have less 
than 0.5% (an amount within analytical error) of the specific ac- 
tivity of the medium that had bathed the tissue, and presumably 
had equilibrated with extracellular fatty acids in it. Washing in 
itself did not significantly change the acidity, extractable from 
either fresh or incubated pads. Therefore, it seemed established 
that essentially all of the acidic lipid in the citrate-M extract 
was long chain fatty acid, derived from intracellular sources. 

Independence of Fatty Acid Uptake and Output—This is illus- 
trated in Fig. 2. Epinephrine stimulated the release of fatty 
acids without any major effect on uptake of acids from the me- 
dium, whereas glucose, at a level of 2 mg per ml stimulated up- 
take without effect on release. Addition of both epinephrine and 
glucose caused a simultaneous increase in release and uptake. 
The lipolytic response to epinephrine thus cannot be regarded 
as an inhibition of uptake and esterification. This distinction 
is also made clear by the difference in magnitude of the two 
fluxes; with epinephrine the outflow was often 10 times greater 
than the maximal uptake ever encountered under any conditions. 

The processes of uptake and release could, however, interact 
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if they shared a common pool. Three groups of experiments 
were performed to test this possibility. First, fat tissue was in- 
cubated in a medium containing albumin-bound palmitic acid-1- 
cu and then was fractionated to determine the specific activity 
of acids extractable from the tissue. Second, the uptake of label 
into esters was determined under the extreme conditions of small 
pool size (tissues incubated in basal medium) and marked ex- 
pansion (epinephrine stimulation). If labeled material entering 
the tissue mixed with other acids in the pool before esterification, 
a lipolytic expansion of the intracellular pool would diminish its 
specific activity and thus diminish entry of the label into esters. 
Third, tissues that had been incubated for 1 hour in basal medium 


containing labeled palmitic acid were washed and transferred 


to medium containing epinephrine, but without radioactivity. 
Since the quantity of fatty acids released by lipolysis under these 
conditions is several times as great as the quantity usually present 
in a tissue after an incubation in basal medium, most of the label 
in the lipolytic pool should be washed out. Absence of radio- 
activity in the outflow thus would indicate that little or no label 
had been present in the pool at the end of the first incubation. 

The three groups of experiments agreed in showing no sig- 
nificant entry of fatty acid from medium to the intracellular 
pool. Incubation of pads in medium which contained palmitic 
acid-1-C™ failed to introduce a detectable amount of label into 
the pool despite a substantial uptake of label into fatty esters. 
The uptake of label into esters of epinephrine-treated tissues 
(corrected for dilution of specific activity in the external medium) 
averaged 95% of the uptake shown by the paired pads incubated 
in medium without epinephrine. If fatty acids from the medium 
had entered first into the lipolytic pool, the much greater pool 
size of the epinephrine-treated pads would have lowered this 
relative uptake to approximately 30%. In the third experi- 
ment, when epinephrine stimulation followed incubation with 


Uptake (yeq/pad) 


Output (Vea / pod) 


Fic. 2. Effects of glucose and epinephrine on uptake and out- 
put of fatty acids. Basal medium: Krebs-Ringer-bicarbonate 
buffer with 5% bovine albumin. In addition, some media con- 
tained epinephrine (E), glucose (G) or both (G, E). Incubation 


was for 2 hours at 37°. Values are means of four replicates. The 
parallelism of vectors illustrates the absence of statistical inter- 
action between epinephrine and glucose at these dosages; the 
difference in response to the two agents reflects the independence 
of uptake and output. 
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TABLE I 
Re-esterification of fatty acids in lipolytic pool* 

Pads were divided in half, weighed, and each piece (a and b) 
was incubated for 1 hour in 3 ml of Krebs-Ringer-bicarbonate 
buffer containing bovine albumin (5%), glucose (2 mg per ml) and 
epinephrine (1 wg per ml). At the end of this period, piece b was 
washed quickly in warm 0.9% NaCl solution and transferred for 
a second 1-hour incubation in basal medium (without epineph- 
rine). Piece a was extracted after the first incubation; piece b, 
after the second; and the change in tissue fatty acid was esti- 
mated from the difference between these two values. AM; and 
4M; are the changes in fatty acid content of the media in the first 
and second incubations. The last column shows the fatty acid 
balance during the second incubation. Values given are the 
mean and standard deviation of 8 replicates. 


First incubation Second incubation 
(epinephrine medium) (basal medium) 
P; PI 
Piece a Piece Piece b 
P; — P; 
4M: Pi Au: AM: Pꝛ 
1.45 2.25 1.38 | —0.70 0.26 | —1.99 —2.68 
+ 0.99 + 0.80 + 0.55 & 0.55 + 0.13 & 0.74 + 0.62 


9 values are in microequivalents per g wet weight of fresh 
tissue. 


label, the fatty acids leaving the tissue had less than 0.3% of 
the specific activity of the acids present in the original incuba- 
tion medium. 

Re-esterification of Fatty Acids in Intracellular Pool—This was 
demonstrated by incubating pieces of tissue first in a medium 
containing epinephrine (1 yg per ml) and then in the same me- 
dium without epinephrine (Table I). It can be seen that the 
lipolytic pool contracted during the second incubation with no 
release of fatty acid; the tissues actually removed fatty acids 
from the incubation medium while the fatty acids were disap- 
pearing from the lipolytic pool. 

Study of fresh and incubated tissues gave similar results. The 
piece of tissue that was extracted immediately after removal 
from the animal consistently showed a greater concentration of 
fatty acid than did the paired pad after incubation in basal 
medium (not containing epinephrine). This reduction in pool 
size occurred with simultaneous uptakes of acids from the me- 
dium, or with spontaneous releases too small to account for the 
disappearance of acids from the tissue. 


DISCUSSION 


Most, possibly all, of the fatty acids in epididymal pad thus 
appear to be derived from cellular fat rather than from the en- 
vironment. The intracellular pool expanded during incubation 
with epinephrine and contracted in basal medium, but in no 
case showed significant entry of labeled acid from the medium. 

The functional separation of uptake and lipolysis suggests that 
these two processes might be separated anatomically. Uptake, 
for which no tissue pool could be detected, might be a surface 
function, esterification keeping pace with entry into the cell, 
perhaps as a necessary part of the process. On the other hand, 
lipolysis appears to be independent of transport across the cell 
surface. The tissue pool of fatty acids increases with epinephrine 
even when lack of acceptor in the medium prevents discharge 
of the newly formed acids (2). The triglyceride used as sub- 
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strate for lipolysis appeared to differ from the triglyceride re- fat. This pool can discharge acids into an incubation medium, 
or contract by re-esterification, but it seems not to be entered by 
fatty acids taken up from the medium. 


cently formed from acids in the medium, since lipolysis imme- 
diately after uptake and esterification of labeled palmitic acid 
failed to release a significant amount of label. These findings 
suggest that the lipolytic pool might be located deeper in the cell. 

This pool, wherever it is, must be fairly concentrated at times, 
since fatty acids at a pH near neutrality are ionized, and thus 
poorly soluble in a phase of triglyceride. If they are excluded 
from the triglyceride phase, they must be contained in the thin 
rim of protoplasm or in the interfacial films about fat droplets. 
Since these regions amount to no more than approximately 10% 
of a well filled fat cell and since pads can yield as much as 20 
peq of fatty acid per g wet weight after stimulation with epineph- 
rine, the fatty acids might be held at local concentrations of more 
than 200 weq per g. Such a high concentration of soap presum- 
ably would affect the physical state of other lipids in the cell. 

The finding of re-esterification provides support for the hy- 
pothesis (8, 9) that the lipolytic process is reversible. The re- 
versal does not, however, appear to involve the process that is 
measured by uptake and esterification of labeled fatty acid from 
the medium. 


SUMMARY 
The heptane-soluble, organic acid pool in fat pads is composed 
of long chain fatty acids produced by lipolysis of intracellular 
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It has been observed that nucleic acids, nucleotides, and nu- 
cleosides inhibit the lipolytic action of epinephrine on adipose 
tissue, whereas purine and pyrimidine bases increase it (1). 
Further studies, described in the present report, have shown 
this interaction to be quite specific for lipolysis (uptake and 
esterification of fatty acids being unaffected), but not limited 
to epinephrine (other lipolytic hormones are also inhibited by 
ribonucleic acid). 

The chemical nature of this interaction remains undefined, 
although a number of possibilities can be excluded. Perhaps, 
fundamental to an understanding of the phenomenon is the dis- 
tinction (2) between esterification of fatty acids taken up from 
the medium (not affected by ribonucleic acid) and net re-esteri- 
fication of acids in the lipolytic pool (increased by ribonucleic 
acid), 


EXPERIMENTAL PROCEDURE 


Materials 

Nucleic acids, nucleotides, nucleosides, and bases were ob- 
tained from Schwarz BioResearch, Inc., and Sigma Chemical 
Company, and used without further purification. Three differ- 
ent lots of cyclic 3-5-AMPI from these two suppliers gave iden- 
tical results in the present experiments. The ACTH (Lot 
N 64406) came from Armour and Company; the TSH (Lot 
104993), from the California Corporation for Biochemical Re- 
search; and glucagon (Lot CT-1116), from Eli Lilly and Com- 
pany. Palmitie acid-1-C™ was obtained from the New England 
Nuclear Corporation, and Tracerlab, Inc.; the epinephrine-1-C", 
from the California Corporation for Biochemical Research. 


Methods 


Epididymal fat pads taken from male Sprague-Dawley rats, 
250 to 300 g, fed ad libitum, were incubated for 2 or 3 hours in 
5 ml of Krebs-Ringer-bicarbonate buffer (3) containing 5% 
albumin and test reagents (glucose, palmitic acid-1-C", lipolytic 
agents, metabolites, etc.). Before use, the albumin (Armour 
Fraction V from bovine plasma, prepared for microbiological 
use) was dissolved in water to make a 10% solution and was 
clarified by filtration through a Millipore filter (800 my). Equal 
volumes of double strength buffer and filtered albumin solution 


* This research was supported in part by grant A-2427 from the 
— Institutes of Health, United 8 States Publie Health Serv- 


be abbreviations used are: cyclic 3’-5’-AMP, cyclic 3’-5’- 
adenosine diphosphate; ACTH, adrenocorticot ropic hormone; and 
TSH, thyroid-stimulating hormone. 


were mixed to form the basal incubation medium. Test reagents 
were added; the solutions were equilibrated with 5% CO.-95% 
Ot, adjusted to pH 7.3, distributed into incubation flasks, warmed 
to 37°, and gassed before the donor animals were killed. Epi- 
didymal pads were transferred to the incubation flasks immedi- 
ately after removal; the flasks were gassed, stoppered, and in- 
cubated at 37°. 

Palmitic acid-1-C™ was added in some experiments to measure 
uptake of fatty acids from medium into the fat tissue. Before 
use, the labeled material was distributed into the lower phase 
of an alkaline isopropanol-heptane-water extraction system (4) 
to remove any labeled esters that might have been present. 
The upper phase was discarded; the lower phase was evaporated 
to remove alcohol, and the neutralized fatty acid was taken up 
into filtered 10% albumin solution. Tissues, tested for effect 
on the lipolytic system, were homogenized in water or 0.9% 
NaCl solution to give suspensions of approximately 20% con- 
centration; these were centrifuged (approximately 2000 x g for 
15 minutes) and 1 volume of supernatant was added to 10 vol- 
umes of incubation medium. 

After incubation, aliquots of medium were pipetted into acid- 
isopropanol-heptane extraction mixture; the pads were drained, 
washed five times with 0.9% NaCl solution and homogenized 
in 15 ml of the extraction mixture. Extraction was completed 
by addition of water and heptane to give two-phase systems, and 
aliquots of upper phase were titrated as previously described (4). 

For radioassay of medium, 1-ml aliquots of the heptane ex- 
tract in toluene (20 ml) containing 2,5-diphenyloxazole (80 mg) 
and p-bis(2-(5-phenyloxazoly]) |benzene (2 mg) were counted in a 
Packard Tri-Carb scintillation unit. The extracts of fat pad 
were given preliminary treatment to eliminate traces of labeled 
fatty acids. In some experiments aliquots of the heptane phase 
were titrated in a two-phase system (4) to transfer fatty acids 
to the ethanol-water phase; in others, a heptane solution of fat 
pad lipids was extracted with Amberlite IRA-400, freshly con- 
verted to the hydroxyl form. The two procedures showed essen- 
tially the same efficiency (99%) in removing acidic traces from 
the mixture of labeled esters. The uptake of fatty acids was 
estimated from the total radioactivity of fatty esters in the pad 
extract and from the mean specific activity of fatty acids in the 
medium during incubation (a correction being required to allow 
for dilution of label by the output of unlabeled acids from epi- 
nephrine-stimulated tissues). The net output of fatty acids was 
calculated from the increment in concentration of fatty acids in 
the medium. 

Statistical analysis followed standard methods (5), with a 5% 
significance level. Most experiments were set up in factorial 
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design with the main comparison on paired whole pads from the TaBLe II 

same animal (rat 8) (since whole pads in paired comparisons Inhibition of the lipolytic actions of ACTH, TSH, and glucagon 

gave more reproducible results than assays with smaller pieces by ribonucleic acid* 


of tissue), whereas secondary comparisons and interactions were 
confounded with differences between animals. Although the 
animals (rats 6 to 12) used in any experiment were as similar as 
possible in kind, age, and previous diet, the responses of their 
pads usually showed greater variance than paired pads from the 
same animal. 


Basal medium: Krebs-Ringer-bicarbonate + 5% albumin + 
glucose (2 mg per ml) + ACTH, TSH, or glucagon (at the indi- 
cated concentration). Paired pads were incubated for 2 hours 
in basal medium + ribonucleic acid (1 mg per ml) and in basal 
medium alone. Data: net outputs of fatty acids (mieroequiva- 
lents per pad), each value the mean of three incubations. Al 
differences between RNA and control are significant (v < 0.05). 


— 


RESULTS ACTH (units/ml) TSH (units/ml) Glucagon (ug/ml) 

Nucleic acids, nucleotides, nucleosides, and homogenates of — 2 
tissues rich in nucleic acids inhibited the lipolytic action of epi- 
nephrine (Table I). In some cases the inhibition was so com- RNA. 0.5 | 0.9 | 0.3 |-0.1 | 0.1 |-0.1 | 0.07 | 0.2 0 
plete that the tissue treated with both epinephrine and inhibitor Control. 3.2 4.4 2.4 2.7 3.3 2.2/0.7 1.7 3.0 i 
showed a net uptake of fatty acids during incubation, whereas . 1 8 
the control tissues, receiving epinephrine alone, released sub- * All values are microequivalents per pad. — 
stantial amounts (5 to 8 weq/2 hours). Ribonucleic acid also 
inhibited the lipolytic actions of ACTH, TSH, and glucagon TABLE III 
(Table II). Effect of purine and pyrimidine bases and nucleosides on net release 

Purine and pyrimidine bases, and caffeine, increased fatty of fatty acids from epididymal pads* 
acid output in the presence of epmephrine, although they caused Medium: Krebs-Ringer-bicarbonate + 5% bovine albumin + 
only slight lipolysis when added alone (Tables I and III). The purine or pyrimidine reagent (1 mg per ml), with epinephrine (E) 
opposing effects of base and nucleoside were titrated in one ex- or without (O) (1 4g per ml); paired pads in E and O. Incubation: 
periment; the stimulatory action of adenine cancelled the in- 2 hours. Units: net release of fatty acids (microequivalents per 
hibition with adenosine at a molar ratio of approximately 2:3 pad), each value the mean of determinations on three different 
(Fig. 1). Presumably, a mixture of stimulatory and inhibitory imals. 

Adenine Guanine Uracil Cytosine 
TABLE 1 — 
E 0 E 0 E 0 Eo inl 


Effect of nucleic acids and related substances on net release of fatty 


acids from fat pads incubated in medium containing epinephrine te ea eS 9.8} 2.1 5.2 0.2/5.6! 0.1 6.7 13 
Medium: Krebs-Ringer-bicarbonate or phosphate + 5% bovine Nucleoside. ...| 0.9 |-0.6 1.9 0.8 | 1.6 |-0.6 | 1.5 |-0.4 du 
albumin + epinephrine (1 wg per ml) + glucose (2 mg per ml); it 
paired pads incubated with and without reagent. Incubation, * All values are in microequivalents per pad. 
2 or 3 hours. Concentration is final concentration of reagent in é 
incubation medium. A is the mean difference in net release (pad 8 tin 
with reagent minus pad in control medium). All numerical 0 tor 
values given for A are significant. 
= 4 * epi 
ms/ml ueq/pad 3 rin 
Tissues 2 * cat 
Blood plasma................... 200 4 (not sig- tak 
nifi- 
cant? 32 | 02 | ia 6 — 
Blood cell hemolys ate. 50150 4 | -6.3 inh 
Thymus homogenate............ 10-20 4 —3.3 * cb 
Mesenteric node homogenate 6-15 2 —5.1 2 ma 
1.0 13 —5.6 wal A 
0.2 15 —4.2 Fic. 1. Titration of adenine versus adenosine in media contain- 0 
J Kö 0.2 4 —1.3 ing epinephrine. Basal medium: Krebs-Ringer-bicarbonate + 
0.5 4 —3.1 5% albumin + glucose (2 mg per ml). Test media also contains be 
rc 0.2 4 —3.2 adenine + adenosine (1 mg per ml). Ina 
Cyclic 3’-5’-AMP.................. 0.2 2 —6.4 fatt 
Adenosine . T 1.0 8 —4.3 products was yielded by alkaline hydrolysis of ribonucleic acid par: 
—— PP — - — since the digests caused considerably less inhibition than the nor 
— — original material, and lees than an — 
0.01-3.0 8 cine or AMP (Fig. 3). 
. saturated| 3 — Cyclic 3’-5’-AMP (6) not only failed to initiate lipolysis, but, I. 
when added with epinephrine, diminished the release of fatty of ey 
acids (Table IV). Fluoride in high concentration (10-* ) re of ri 
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Fatty acid output (yeq/2 pods x 2hrs) 


Fic. 2. Comparison of intact and digested ribonucleic acid as 
inhibitors of lipolysis. 


duced both output and uptake; in lesser concentration (10 m) 
it significantly enhanced lipolysis (Fig. 3). 

The specific relation of ribonucleic acid to lipolysis, as dis- 
tinguished from uptake and esterification, was shown by a fac- 
torial experiment testing the individual and combined effects of 
ribonucleic acid (1 mg per ml), epinephrine (1 ug per ml), and 
glucose (2 mg per ml) (Table V). Ribonucleic acid alone re- 
duced the basal rate of lipolysis, and, when combined with 
epinephrine, it blocked the lipolysis that occurred with epineph- 
rine alone, but it had no significant effect on uptake and esterifi- 
cation. On the other hand, glucose at this level increased up- 
take without much, if any, effect on lipolysis. The exchange of 
fatty acids between tissue and medium thus appeared to involve 
two independent processes, lipolysis (stimulated by epinephrine, 
inhibited by ribonucleic acid) and uptake (much smaller in 
magnitude, stimulated by glucose). 

Adipose tissue after incubation with both epinephrine (1 
ug per ml) and ribonucleic acid (1 mg per ml) was extracted to 
determine whether the diminished release of fatty acids might 
be due to blockage of outflow rather than to inhibition of lipolysis. 
In an extensive series, comprising more than 100 incubations, the 
fatty acid content of inhibited tissue was consistently low, com- 
parable to that of the basal tissues receiving neither epinephrine 
nor ribonucleic acid. Tissues that had been incubated with 
epinephrine alone, releasing substantial amounts of fatty acid, 
invariably contained a large quantity of extractable fatty acid. 

The possibility that ribonucleic acid might block the action 
of epinephrine by physical binding was next tested. Mixtures 
of ribonucleic acid (1 to 3 mg per ml) and epinephrine-1-C" in 
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citrate (0.2 u, pH 3.5), Krebs-Ringer-bicarbonate (pH 7.3), or 
borax buffer (0.05 M., pH 10.0) were put in rocking dialysis units, 
and the diffusion of the two substances was followed by radio- 
assay and measurements of ultraviolet absorption (260 my). 


If the two components had been associated in solution, the more 


slowly diffusing ribonucleic acid should have retarded the diffu- 
sions of epinephrine. This was not found; both components 
diffused at the same rate as when alone. Electrophoresis also 


TaBLe IV 


Effects of cyclic 3'-5'-AMP and epinephrine on release of fatty acids* 


Medium: Krebs-Ringer-bicarbonate + bovine albumin (5%) + 
glucose (2 mg per ml) + 3’-5’-AMP (indicated concentration). 
Paired pads were incubated for 2 hours at 37° in 5 ml of basal 
medium, and basal medium + epinephrine (1 wg per ml). Fatty 
acid concentration before incubation was 475 microequivalents 
per liter. Each value is the mean of triplicate incubations. The 
depression of fatty acid output of pads in the epinephrine medium 
associated with increasing concentration of 3’-5’-AMP is signifi- 
cant (p < 0.05). 


1073 u 3X 10 N 10-8 10-5 
Basal medium................. 0.14 | 0.32 0.23 0.27 
Medium + epinephrine (1 ug 
l 1.9 2.5 3.4 3.8 


F (mM) 


Fic. 3. Effect of fluoride on esterification and output of fatty 
acids in media with and without epinephrine. Medium: Krebs- 
Ringer-bicarbonate + albumin (5%) + glucose (200 mg/100 ml). 
Two epididymal pads were incubated for 2 hours. 
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TaBLe V 
Effects of epinephrine (I wg per ml), ribonucleic acid (1 mg per ml) and glucose (2 mg per ml) on net output and uptake of 
fatty acids by fat pads 


This was a 2° factorial experiment with triplicate replication (5); paired pads from each of the 12 rats were used for the glucose 
comparison. Incubation medium: 5 ml of Krebs-Ringer-bicarbonate with 5% bovine albumin (containing palmitic acid-1-C"*, approxi- 
mately 0.2 we per ml). Initial concentration of fatty acids was 460 eq per liter. Incubation was for 2 hours. The abbreviation ng 
means no significant response (p = 0.05); s means significant response. 


— — 


| Output Uptake 
Factor d. f. — 
m. s. X 10? Response m. s. X 100 Response 
ueq/pad eg / pad 

Epinephrine 

sb 1 5,630 73.06 + 0.027 1,717 —0.17 + 0.052 

1 3,328 | —2.35 + 0.027 234 ns 

r 1 8,807 +5.41 + 0.037 1,610 ns 

1 151 ns 341 ns 
Ribonucleic acid 

ͤ ̃᷑ĩ³ĩͤ: 1 5,011 — 2.89 + 0.027 260 ns 

Without epinephrine (N — EN) 1 266 — 0.54 + 0.037 247 ns 
Glucose 

Average effect (( ù c 1 345 —0.76 + 0.010 13,020 +0.47 + 0.037 

tt 1 39 ns 63 ns 

̃ ' ĩ / 1 6 ns 165 ns 

%00%Rd 16 84 318 

Difference between animals (a 8 156 469 8 


failed to show binding. A mixture of ribonucleic acid (1 mg per 
ml), AMP (I mg per ml), and epinephrine-1-C" (1 wg per ml) in 
Krebs-Ringer-bicarbonate buffer was fractionated on paper. 
The spots absorbing ultraviolet light were found widely sep- 
arated from the radioactive area; the latter appeared in the 
same location as in control strips with epinephrine-1-C™ alone. 
The biological activity of the labeled epinephrine used in these 
experiments was verified by production of lipolysis in adipose 
tissue. 

Entry of ribonucleic acid into the fat cells, or at least a fairly 
firm attachment to cell surfaces, was indicated by experiments 
in which the fat pads were first incubated in medium containing 
ribonucleic acid (1 mg per ml) for 1 hour, washed quickly in 
basal medium, then transferred to a second medium containing 
epinephrine (1 ug per ml). As control, the paired pads were 
incubated first in basal medium. Both groups of pads showed 
a small net output of fatty acids during the first incubation 
(0.5 weq per pad); in the second incubation the pads previously 
exposed to ribonucleic acid released only about one-fourth as 
much fatty acid (2.3 weq per pad) as the controls (10.4 weq per 
pad). That the persistent effect of ribonucleic acid was not due 
to a carrying over of medium from the first incubation was shown 
by the elimination of palmitic acid-1-C'* upon washing and 
transfer. Labeled fatty acids, present in the first medium, 
could just be detected in the fatty acid fraction of pad extracts 
after the second incubation. Even if all these acids had been 
contained in interstitial space of the tissue, they would imply 
the presence of no more than 0.005 ml of first medium per pad, 
thus involving a negligible extracellular carry-over of ribonucleic 
acid. 


The possibility that pentose might serve as an inhibitory com- 
ponent was tested in a series of experiments. Ribose and ribose- 
5-P (10-*-10-* M) inhibited lipolysis, but they were much less 
potent than an equimolar concentration of adenosine, and even 
at the highest concentration failed to inhibit completely. De- 
oxyribose presumably would have been even less effective than 
ribose as an inhibitor, since DNA and deoxyadenosine caused 
less inhibition of lipolysis than RNA and adenosine, respectively. 
A combination of ATP and ribose-5-P, testing for a possible 
effect of phosphoribosylpyrophosphate (7) in the tissue, failed to 
show significant interaction. ATP alone (0.5 mg per ml) in- 
hibited strongly; the inhibition of lipolysis was not significantly 
increased by ribose-5-P (0.35 to 3.5 mg per ml), whereas ribose- 
5-P alone caused only slight inhibition (Fig. 4). 


0.6 
Rib-5-P0, 
2 
= TP 
0.2} aA 
u 
0 2 4 6 8 10 
Output (ved) 


Fic. 4. Summation of effects of ATP (0.5 mg per ml) and ribose 
5-phosphate (1.75 mg per ml) on esterification and output of fatty 
acids by pads incubated in medium containing epinephrine (1 
ug per ml) and glucose (2 mg per ml). 
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Variation of calcium and inorganic phosphate in the incuba- 


tion medium (usually, Ca, 2.5 x 10 u; P, 1.4 x 10-* u) had 


no consistent effects on lipolysis or on the action of ribonucleic 
acid (Table VI). Pyrophosphate (10-? M) did, however, sig- 
nificantly enhance lipolysis when added with epinephrine; in 
the absence of epinephrine it had no effect (Table VII). 

The ability of RNA to promote re-esterification in the presence 
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VII 
Effects of calcium (2.6 X pyrophosphate (10°? mu), and 
epinephrine (1 wg per ml) on net output of fatty acids 

This was a 2? factorial experiment with triplicate replication; 
paired pads were used for the pyrophosphate comparison. Me- 
dium: 5 ml of Krebs-Ringer-bicarbonate (Ca omitted) with 5% 
bovine albumin and glucose (2 mg per ml). Initial concentration 
of fatty acids was 555 eq per liter. Incubation was for 2 hours. 
The abbreviation ns means no significant response (p .= 0.05). 


TaBLe VI 
Effects of calcium (2.5 X 10 mu), phosphate (1.4 X I mu), and Factor df. m. 8. X 102 Response 
ribonucleic acid (1 mg per ml) on net output and uptake of fatty 
acids by fat pads in medium containing epinephrine and glucose 140 / dad 
This was a 2* factorial experiment with duplicate replication; Pyrophosphate 
paired pads from each of the eight rats were used for the ribo- Average effect (P)........| 1 51 | +0.29 + 0.08 
nucleic acid comparison. Basal incubation medium: 5 ml of Without epinephrine 
Krebs-Ringer-bicarbonate medium (Ca and P omitted) with 5% D 11 C1 ns 
bovine albumin (containing palmitic acid-1-C, approximately With epinephrine (P + EP) 11 106 | +0.65 + 0.11 
0.2 we per ml, epinephrine (1 wg per ml), glucose (2 mg per ml). Interaction (EP).......... 1 55 +0.36 + 0.17 
Initial concentration of fatty acids was 470 eq per liter. Ineu- 
bation was for2 hours. The abbreviation ns means no significant Epinephrine 
response (p = 0.05). Average effect (E)........ 1 4520 | +3.29 + 0.23 
Without pyrophosphate 
Output Uptake „„ 1 | 3606 +2.93 + 0.23 
Factor df. 
Response Calcium 
1 1 ns 
pad ueq/ bad Interaction (CP). 1 2 ns 
Calcium (C) 1 16 ns 1905 | ns Interaction (CE).......... 1 1 ns 
Phosphate (PD) 1 45 ns 20 ns Interaction (CEP)........ 1 12 ns 
Interaction (CP).......... 1 468 ns 2601 | ns 
Replicates.................. 16 10.8 
Ribonucleic acid (N)........ l 3355 | —2.90 | 529 ns Difference between ani- 
+ 0.83 rene 8 21.5 
Interaction (C NW) 1 18 ns 702 | ns Interaction (AP).......... 8 2.6 
Interaction 1 39 ns 441 ns 
Interaction (CPN)........ 1 329 ns 72 ns 
of epinephrine was shown by an experiment in which tissues were 
Replicates 8 8 70 529 incubated first in medium containing epinephrine and then in 
medium containing both epinephrine and RNA. Control tissues 
— * (NA) Sac ene 4 68 260 were incubated twice in epinephrine medium, without RNA. 
ae Each pad was divided in half before incubation. One piece was 
VIII 


Effect of RNA on re-esterification of fatty acids in lipolytic pool* 


Pads were divided in half, weighed, and each piece (a and b) was incubated for 1 hour in 3 ml of Krebs-Ringer-bicarbonate buffer 
containing bovine albumin (5%), glucose (2 mg per ml) and epinephrine (1 wg per ml). At the end of this period, piece b was washed 
quickly in warm 0.9% NaCl solution and transferred for a second 1 hour incubation in a new flask containing 3 ml of medium with 
or without RNA (1 mg per ml). Paired pads from the same animal were used for each comparison of the two media. Piece a was 
extracted after the first incubation (Pi); piece b, after the second (P:), and the change in tissue fatty acid was estimated from the 
difference between these two values. AM, and AM; are the changes in fatty acid content of the media in the first and second incuba- 
tions. The last column shows the fatty acid balances during the second incubation. Values given are the mean and standard devia- 


tion of four replicates. 


First incubation Second incubation 
Piece a Piece b Piece b Pi Pi 
Medium Medium 
4M: Pi A: 4M: 
Epinephrine | 2.82 + 1.51 | 4.17 & 1.47 | 1.57 & 1.02 RNA + epi- 0.13 & 0.14 | 0.39 & 0.12 3.78 + 1.43 3.66 + 1.31 
nephrine 
Epinephrine | 3.38 + 2.34 | 4.58 + 2.52 | 2.01 + 0.39 Epinephrine) 4.70 + 1.08 2.93 + 0.50 — 1.65 + 1.8% T8. 06 + 1.83 


* All values are microequivalents per g wet weight of fresh tissue. 
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extracted after the first incubation; the other piece was extracted 
after the second, and the change in fatty acid pool during the 
second incubation was estimated from the difference between the 
two values. It can be seen that the fatty acid balance of pieces 
incubated with RNA and epinephrine was negative, indicating 
a predominance of esterification over lipolysis, whereas the con- 
trol tissues showed a net production of acid (Table VIII). 


DISCUSSION 


The reduction in net production of fatty acids with RNA and 
related substances could be due to inhibition of lipolysis or to 
increase in the rate of re-esterification. The data provide no 
clear choice between these alternatives. They do, however, 
exclude a number of other possibilities. The low output into 
the medium evidently was not due to blockage of outflow from 
the lipolytic pool; the pool remained small in tissues treated 
with RNA and epinephrine, in contrast to the expansion found 
in tissues treated with epinephrine and prevented from releasing 
fatty acids by lack of acceptor in the medium (8). Nor was a 
large lipolytic outflow masked by an accelerated uptake of fatty 
acids from the medium; uptake was of lesser magnitude and not 
significantly changed by RNA. 

RNA probably did not bind or otherwise physically exclude 
the hormones from sites of lipolysis in the tissue. The chemical 
diversity of lipolytic agents and of inhibitors makes this hy- 
pothesis unlikely, and studies of epinephrine-RNA mixtures 
failed to show significant binding. 

The finding that purine and pyrimidine bases failed to initi- 
ate much lipolysis in the absence of epinephrine, although they 
markedly enhanced the output of fatty acids when epinephrine 
was present, somewhat favored an action on re-esterification of 
acids in the lipolytic pool rather than on hydrolysis of triglycer- 
ides. Also consistent with an effect of RNA on re-esterification, 
the lipolytic pool rapidly contracted when tissues, after incuba- 
tion with epinephrine, were transferred to medium containing 


both epinephrine and RNA. RNA thus showed itself able to 


induce net re-esterification in the presence of epinephrine. 

The inhibitory action of ATP found in the present study con- 
trasts with the previous finding (9) of activation of a lipase in 
cell-free homogenates of adipose tissue by ATP and epinephrine. 
The difference in result presumably arises from additional proc- 
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esses in intact cells, notably the activation of long chain fatty 
acids by ATP (10). 

The present studies confirmed the absence of significant lipol- 
ysis in tissues treated with cyclic 3’-5’-AMP (11). Indeed, this 
compound inhibited lipolysis in pads exposed to epinephrine; 
this is evidence that some material had entered the cell in suffi- 
cient quantity to reduce the net rate of lipolysis. This finding 
does not exclude a possible role for the cyclic compound in intra- 
cellular lipolysis since the molecule might have been changed on 
entry, but it does indicate a potential antilipolytic action that 
should be considered in any theory of its function. Its potency 
as inhibitor of epinephrine was comparable to that of AMP 
and other nucleotides. , 


SUMMARY 


The lipolytic actions of epinephrine, adrenocorticotropic hor- 
mone, thyroid-stimulating hormone, and glucagon on adipose 
tissue were found to be inhibited by ribonucleic acid. A similar, 
but less complete, inhibition of epinephrine lipolysis was observed 
with nucleotides (including cyclic 3’-5’-adenosine diphosphate) 
and nucleosides, whereas purine and pyrimidine bases, caffeine, 
and pyrophosphate increased lipolysis. 
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A study of the exchange reactions between adenosine triphos- 
and either radioactive inorganic phosphate, or adenosine 
diphosphate (1), catalyzed by propionyl carboxylase, showed 
that inorganic phosphate was required for adenosine triphos- 
phate-adenosine diphosphate exchange and, conversely, adeno- 
sine diphosphate was required for adenosine triphosphate- 
inorganic phosphate exchange. A requirement for bicarbonate 
was also evident. These results suggested Reaction 1 as a 
single, partial step in the over-all Reaction 3. 


(Mg**) 
ADP + P; + CO; ~ enzyme 


CO; enzyme + propionyl-CoA = 
enzyme + methylmalonyl-CoA 


(Mg**) 


ATP + C0: + enzyme (1) 


(2) 


— 


Sum: ATP + CO,“ + propionyl-CoA 
ADP + P. + methylmalonyl-CoA 


The occurrence of Reaction 2 as written was questioned at 
that time because of failure to obtain significant exchange be- 
tween propionyl-CoA-1-C" and methylmalonyl-CoA and to an 
apparent requirement for ATP and Mg“ in the transfer of 
“CMO,” from Ci 0. ~ enzyme to propionyl-CoA. However, 
further experiments with crystalline propionyl carboxylase (2) 
on the carboxylation and decarboxylation of the enzyme pro- 
vided conclusive evidence for Reaction 2. In the meantime, 
exchange reaction between propionyl-CoA and methylmalonyl- 
CoA was reported from other laboratories (3, 4) and was obtained 
by us. These and other experiments with O bearing on the 
reaction mechanism will be reported elsewhere. The occurrence 
of a transcarboxylation between ethylmalonyl-CoA and pro- 
pionyl-CoA, yielding methylmalonyl-CoA (5), provides addi- 
tional support for Reaction 2. 

The present paper describes the preparation of Ci O: ~ en- 
zyme, with either ATP + “CO,” or methylmalonyl-CoA-3-C", 
its isolation, the transfer of the carboxyl group from the CO, ~ 


* Aided by grants from the National Institute of Arthritis and 
Metabolic Diseases (Grant A-1845) of the United States Public 
Health Service, and the Rockefeller Foundation. Presented in 
part at the symposium on Mechanisms of Coenzyme Action, 
Federation Meetings, Atlantic City, New Jersey, April 10, 1961. 

As will be reported elsewhere, the reacting species of CO: in 
the propionyl carboxylase reaction is HCO; rather than COs. 
The symbol CO, has been used throughout this paper to denote 
this species. The symbol ~ has been used, as is customary, to 
denote an energy-rich bond as in the expressions CO: ~ enzyme, 
or biotin ~ CO:. 


(3) 


enzyme to propionyl-CoA, and its decarboxylation by ADP + 
Pi with formation of ATP. Although relatively stable near 0°, 
the CO: ~ enzyme is very unstable at higher temperatures. 
These results, with substrate amounts of crystalline propionyl 
carboxylase, provide final evidence for the above reaction 
mechanism. 


EXPERIMENTAL PROCEDURE 


Preparation of Methylmalonyl-CoA -3-C'*—Methylmalony]-CoA 
labeled with C™ in the free carboxyl group was prepared en- 
zymatically with propionyl carboxylase. The reaction mixture 
contained (in micromoles), Tris-HCl] buffer, pH 7.5, 750; MgCl, 
90; GSH, 30; ATP, 30; phosphoenolpyruvate, 60; potassium 
chloride, 1500; Na- C, (10 ne per umole), 30; propionyl-CoA, 
20 (corrected for impurity) ; crystalline pyruvic kinase, 0.5 mg; 
and propionyl carboxylase (specific activity 6.0 (2)), 3.6 mg, in 
a final volume of 15 ml. After incubation for 15 minutes at 30°, 
the reaction was stopped by immersing the test tube in boiling 
water for 1 minute followed by cooling in ice. Assay of an 
aliquot with DPNH and lactic dehydrogenase showed that 20.4 
umoles of pyruvate had been produced, indicating that the 
reaction had proceeded to completion. This was confirmed by 
optical assay (6) of another aliquot to which an excess of pro- 
piony! carboxylase was added. Absence of any further reaction 
indicated that all the propionyl- Co had been consumed. Since 
it proved difficult to separate methylmalonyl-CoA from the 
ATP remaining in the reaction mixture by the chromatographic 
procedure described below, the ATP was first removed by in- 
cubation with hexokinase and glucose. For this purpose, the 
reaction mixture (14 ml) was incubated with 130 umoles of 
glucose and 0.28 mg of crystalline hexokinase (specific activity, 
52 umoles per minute per mg at 25°) for 20 minutes at 30°. 
The reaction was stopped by addition of 4 ml of 10% perchloric 
acid, and the mixture was brought to pH 6.0 with 25% potassium 
hydroxide, care being taken to avoid excess alkali. The pre- 
cipitate of denatured protein and potassium perchlorate was 
removed by centrifugation, and the supernatant was diluted 
with water to a volume of about 200 ml. 

A column (1.0 x 30 em) of Dowex 1-formate (X2, 200 to 400 
mesh) was used for chromatography. After the solution was 
passed through, the column was washed with water and eluted 
by gradient first with 4.0 N formic acid-0.2 M ammonium formate 
in the reservoir and 400 ml of 3.2 n formic acid in the mixer 
flask at a flow rate of 24 to 30 ml per hour. The effluent (about 
400 ml collected) contained mostly ADP and free methylmalo- 
nate. This amount of effluent was, therefore, collected as a 
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FRACTION NUMBER 


Fic. 1. Chromatography of methylmalonyl-CoA-3-C™. La- 
beled methylmalonyl-CoA was prepared with propionyl carboxyl- 
ase and chromatographed as described in the text. Fractions 1 
to 50 in the first elution range (4.0 n formic acid-0.2 M ammonium 
formate) were not collected separately. Elution was followed 
both by light absorption at 260 ma (O——O) and radioactivity 
(@——@) of the fractions. Radioactivity was determined by 
use of a gas flow counter with a Micromil window provided with 


an automatic sample changer. 


single fraction. Elution was then continued with 4.0 n formic 
acid-0.4 m ammonium formate in the reservoir and individual 
fractions (about 6 ml) were now collected, with the previous flow 
rate being maintained. Methylmalonyl-CoA-3-C™ was eluted 
as a sharp, large peak in Fractions 74 to 85 (Fig. 1). The main 
fractions were pooled, and the ammonium ion was removed by pas- 
sage through a column (1.0 x 30 cm) of Dowex 50-H (X4, 50 
to 100 mesh). After washing with two column volumes of 
water, the effluent and washings were combined, lyophilized, and 
the residue was dissolved in 2.6 ml of water. Yield (based on 
hydroxamate assay), 9.1 wmoles; specific radioactivity, 7.85 X 
10° e. p. m. per umole. 

Other Preparations—Unless otherwise noted, four times crys- 
tallized pig heart propionyl carboxylase (2) was used. Crys- 
talline yeast hexokinase was a gift of Dr. M. Kunitz of The 
Rockefeller Institute, New York. Na: CO- C, (10 me per 
mmole) was purchased from the Tracerlab, Inc. Other prep- 
arations, including crystalline pyruvic kinase, crystalline lactic 
dehydrogenase, avidin, and propionyl-CoA, were as previously 
used (1, 2). As determined by assay with propionyl carboxylase, 
the purity of the propionyl-CoA was 67%. 

Isolation of CO: ~ Enzyme—Carboxylation of the enzyme was 
carried out as described in the legends to the tables and figures 
(Fig. 2; Table I, System 1; Table II, System 1) and the C“O, ~ 
enzyme isolated by passage through a Dowex 1 column in the 
cold. 

Dowex 1-Cl (X8, 200 to 400 mesh) was equilibrated with 0.02 
m Tris-HCI buffer, pH 8.0, and packed into a 1.0- X 3.0-cm 
column. All subsequent operations were carried out in the cold 
room (3°). The column was washed with the Tris-HCl buffer 
and, immediately before use, with 3.0 ml of 0.02 m Tris-HCl 
buffer, pH 8.0, containing 0.001 m GSH. Preliminary experi- 
ments showed that this column retained all of the radioactivity 
from a reaction mixture, containing Na: Ci 0, (4.16 x 10% 
e. p. m.) and all components of the carboxylation system except 
the enzyme, upon elution with 5.0 ml of the Tris-GSH buffer. 
After incubation, the carboxylation reaction mixture (usually 
0.5 to 0.7 ml) was mixed with 0.1 ml of 1% crystalline bovine 
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serum albumin and passed through the column which was sub. 
sequently washed with 0.5 ml of the Tris-GSH buffer. The 
effluent and washings were essentially free of enzyme. About 
50% of the Ci 0: ~ enzyme (as judged by optical assay) was 
released by passing a further 1.0 ml of the Tris-GSH buffer 
through the column. A further 10% could usually be recovered 
with another 1.0 ml of buffer. The radioactivity of the CO, ~ 
enzyme was determined by transferring a 0.1 ml aliquot to 3 
planchet containing 0.1 ml of 0.2 & sodium hydroxide whereby 
all of its C : was converted to Na: C,. The samples wer 
dried under an infrared lamp and counted in a windowless, gas 
flow counter. 

The above isolation procedure effectively removed ATP from 
the samples. Thus, in an experiment with 1.5 mg of crystalline 
enzyme (conditions of Table I, System 1, except for the use of 
nonlabeled bicarbonate), an aliquot (0.44 mg) of the CO, ~ 
enzyme contained less than 0.1 ug of ATP as assayed with firefly 
luciferase (7).2_ In another experiment, 1.24 mg of enzyme was 
incubated as above but with ATP (0.5 umole) labeled with Pe 
in the two terminal phosphates (3 X 10° c. p.m. per umole), 
The ATP was prepared as previously described (1). The radio- 
activity of the CO: ~ enzyme recovered (0.52 mg) was neg. 
ligible (230 c. p. m.). 

Other Methods Propionyl- and methylmalonyl- CoA were as. 
sayed by the hydroxamate method (8), by determination of 
—SH (9) released by alkali, or by both procedures. However, 
both these methods measure the total thiol ester rather than the 
true acyl-CoA content of the preparations. For this reason, 
propionyl-COA was occasionally determined enzymatically with 
propiony! carboxylase. Under the conditions of the optical as- 
say (6), with an excess of enzyme, the carboxylation of propionyl- 
CoA proceeds to completion. 

In the experiments on transfer of “CO,” from CO, ~ en- 
zyme to propionyl-CoA, methylmalonyl-COA radioactivity was 
determined, as acid-stable radioactivity, after deproteinization 
with trichloroacetic acid and centrifugation. Suitable aliquots 
of the supernatant were plated, dried under an infrared lamp, 
and counted. A windowless gas flow counter was used. 

The ADP used in experiments on reversal of Reaction 1 was 
purified before use by ion exchange chromatography as previously 
described (1) and was free of ATP. The formation of ATP® in 
these experiments was determined by measurement of the radio- 
activity of the organically bound P. after removing P;* through 
conversion to ammonium phosphomolybdate and extraction four 
times with isobutanol (10). A windowless gas flow counter was 
used. All protein values, obtained by speetrophotometrie de- 
termination, were corrected through multiplication by the factor 
1.31 as previously explained (2). 


Preliminary Experiments—After optimal conditions for isola- 
tion of the CO, ~ enzyme were established, some trial experi- 
ments on carboxylation and decarboxylation of the enzyme were 
carried out with an amorphous preparation (specific activity, 6). 
Samples containing (in micromoles) Tris-HCl] buffer, pH 8.0, 
50; MgCl:, 3; GSH, 1; Na: C0, (10 ne per umole; approx 
mately 8.8 X 10° c.p.m. per umole, under our counting condi- 
tions), 1; enzyme, 23 units ( 10 mumoles of biotin); with or 


? We are indebted to Dr. Adrian Zorgniotti, Department of 
Urology, for help with this assay. 
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without ATP, 1.5, in a final volume of 0.5 ml, were incubated 
for 5 minutes at room temperature and the enzyme was isolated 


as described in the preceding section. Although the recovery of 


ensyme was not determined in this experiment, it probably was 
near 50%, as previous assays gave an average recovery close to 
this value. It may, therefore, be assumed that an amount of 
ensyme corresponding to 10.0/2 = 5.0 mumoles of bound biotin 
was recovered. The radioactivity of the enzyme from the 
sample incubated without ATP was 1850 c.p.m.; that from the 
sample incubated with ATP was 34,700 c. p.m. which corre- 
sponds to approximately 3.9 mymoles of C:.“ Thus, the 
carboxylation of the enzyme was probably quantitative, i.e. one 
molecule of CO: per molecule of biotin. The small radioac- 
tivity of the enzyme incubated in the absence of ATP (which in 
the case of crystalline enzyme was always negligible) may re- 
fect formation of carbamino compounds. No radioactivity 
from such control“ enzyme samples was ever transferred to 
propionyl-CoA. 

On incubation of CO, ~ enzyme, whether amorphous or 
erystalline, with propionyl-CoA for 5 or more minutes at room 
temperature, little acid-stable, i.e. methylmalonyl-CoA radio- 
activity was found. However, most of the counts were found in 
methylmalonyl-CoA when the reaction mixtures were supple- 
mented with ATP and Mgt’. In the latter case, a large amount 
of nonlabeled bicarbonate was also added since propionyl-CoA 
might be carboxylated, under these conditions, not through 
direct carboxy] transfer from the Ci 0: ~ enzyme but, via the 
over-all Reaction 3, by “CO,” arising by decarboxylation of 
the C“O, ~ enzyme. These results led us to discuss the possi- 
bility that ATP might be required for the transfer of “CO,” 
from the CO: ~ enzyme to propionyl-CoA (I). 

Closer investigation with crystalline enzyme showed that la- 
beled methylmalonyl-CoA was always found in good yield in the 
absence of ATP, provided the incubation was conducted either 
at low temperature or for a very short time at 25-30°. As seen 
in Fig. 2, on very brief incubation (J to 1 minute) at 30° 
(O——O), most of the radioactivity of the C“O. ~ enzyme 
was recovered in methylmalonyl-CoA. However, the recovery 
rapidly decreased, as the incubation time was lengthened, and 
became negligible after 10 minutes. This result suggests that 
,,“ first transferred from the enzyme to propionyl-CoA, is 
subsequently released due to the reversibility of Reaction 2 and 
to instability of the CO; ~ enzyme at this temperature. On 
the other hand, at 3° (@——-@), most of the radioactivity 
originally on the enzyme was found in methylmalonyl-CoA, even 
after incubation for 30 minutes. This indicates that the CO: ~ 
enzyme is rather stable at temperatures near 0°. It may further 
be seen (Fig. 2, O—— O) that ATP prevented the loss of methyl- 
malonyl-CoA radioactivity at 30°. The major part of the “pro- 
tective” effect of ATP is apparently due to the fact that, in the 
presence of excess propionyl-CoA and nonlabeled bicarbonate, 
a large amount of “cold” methylmalonyl-Co is produced with 
considerable dilution of the methylmalonyl-CoA-C™ formed by 
the rapid transcarboxylation between CO; ~ enzyme and 
propionyl-CoA. Under these conditions, instability of the 
CO: ~ enzyme leads to loss of “CO,” of very low specific 
radioactivity and, therefore, to a very slow loss of methylmal- 
onyl-CoA counts. This explanation is borne out by one other 
experiment in Fig. 2 (W — 6). When a moderate excess of 
“cold” methylmalonyl-CoA was present in a sample containing 
GO. ~ enzyme and propionyl- CoA, methylmalony]-CoA radio- 
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Fic. 2. Influence of various factors on the amount of methyl - 
malonyl-CoA-C* found after incubation of CO, ~ enzyme with 
propionyl-CoA. Carboxylation of enzyme: the reaction mixtures 
contained (in micromoles), in a final volume of 0.55 ml, Tris-HCl 
buffer, pH 7.5, 50; MgCl, 3; GSH, 1; ATP, 0.5; NasC™O, (10 we 
per umole), 1; and crystalline propionyl carboxylase, 0.77 mg. 
After incubation for 3 minutes at room temperature, the solution 
was cooled to 0° and the CO; ~ enzyme isolated by passage 
through a Dowex 1 column at 3° as described in the text. Trans- 
fer reaction: The basic reaction mixture, in a final volume of 1.5 
ml, contained 1.5 wmoles of propionyl-CoA and a suitable aliquot 
of the C0. ~ enzyme (@——@); the pH was 7.5. Additions to 
the basic mixture were either 150 wmoles of KHCO, (O——D), 
1.5 moles of ATP; and 150 umoles of KHCoO, (O——O), or 1.65 
umoles of methylmalonyl-CoA Incubation at the 
indicated temperatures. Samples were withdrawn at various 
time intervals for determination of acid-stable radioactivity 
(methylmalonyl-CoA-C™). The results are expressed in per cent 
of the radioactivity of the C. O, ~ enzyme found as methyl- 
malonyl CoA-C™. The initial radioactivities (in counts per min- 
ute) of the C. O: ~ enzyme were as follows: @——@, 11,420; 
O——O, 5,950; 8,170; O——D, 8,150. 


activity which as usual was high after 3 minute, decreased but 
slowly over a 30-minute incubation at 30°. Further protection 
may be afforded by the competition between ATP + nonlabeled 
“CO,” and methylmalonyl-CoA-C™ for the enzyme. 

Since the CO; ~ enzyme is relatively stable in the vicinity of 
0° and very unstable at higher temperatures, all subsequent ex- 
periments were conducted at 3° in the cold room. Crystalline 
enzyme (4 times crystallized) was used throughout. 

Carborylation and Decarborylation of Enzyme—For the experi- 
ments of Table I, the enzyme was carboxylated with “CO,” 
and ATP via the forward Reaction 1 (System 1). System 2 
presents evidence for Reaction 2 in the forward direction. Under 
the conditions of these experiments, the transfer of “CO,” from 
C“O, ~ enzyme to propionyl-CoA (complete system) was 
quantitative. Both avidin and CMB inhibited the transfer as 
they do the over-all reaction (1), but EDTA had no effect. This 
shows that Mg** is not required for Reaction 2. System 3, in 
which the formation of ATP. from CO; ~ enzyme, ADP, and 
Pia was determined, presents evidence for Reaction 1 in the 
back direction. It shows the direct utilization of the energy of 
the CO; ~ enzyme bond for the synthesis of the pyrophosphate 
bond of ATP. It may be seen that, under the conditions chosen, 
the reaction proceeded essentially to completion since an amount 
of enzyme with 11.08 mymoles of bound biotin yielded 10.7 
mumoles of ATP, or one molecule per molecule of biotin. 

In another experiment similar to that of System 1, Table I, 
but with half as much enzyme (0.572 mg), the radioactivity of 
the CO, ~ enzyme (counts per minute) was as follows: com- 
plete system, 5770; no Mg“, 140; complete in the presence of 
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TABLE I 

Carbozylation and decurboæylation of propionyl carboæylase (carbozylation by ATP + .“) 
System 1. A sample containing (in micromoles) Tris-HCl buffer, pH 7.5, 50; MgCl, 3; GSH, 1; ATP, 0.5; Na: C0, “ I; and enzyme, | 
1.14 mg, in a final volume of 0.65 ml, was incubated for 3 minutes at 25°; 0.565 mg (3.2 mumoles of biotin) of CIO, ~ enzyme was 
recovered; volume, 1.0 ml. An aliquot, 0.1 ml, was used for determination of radioactivity of enzyme as described in the text. A cop. 
trol incubation was run without ATP. System 2. Samples containing suitable aliquots of CIO. ~ enzyme from System 1 (0.068 mg); 
Tris-HCl buffer, pH 7.5, 50 umoles; and propionyl-CoA, 0.5 umole, in a final volume of 0.5 ml, with deletions or other additions as indi. 
cated, were incubated for 5 minutes at 3° and deproteinized with 0.2 ml of 20% trichloroacetic acid. The radioactivity of 0.2 ml aliquots 
of the supernatant was determined. System 3. Carboxylation of the enzyme was carried out as for System 1 except that nonlabeled 
KHCO; and 2.24 mg of enzyme was used. CO: ~ enzyme, 1.96 mg (11.08 mumoles of biotin), was recovered; volume, 1.0 ml. Samples 
containing 0.4 ml aliquots of the CO: ~ enzyme (0.78 mg); Tris-HCl buffer, pH 7.5, 50 umoles; MgCl:, 3 wmoles; and P. (3.8 x 19 
e. p. m. per zmole), 1 umole, without or with ADP, 1 umole, in a final volume of 0.65 ml, were incubated for 5 minutes at 3° and de. 

proteinized with 0.1 ml of 20% trichloroacetic acid. A 0.5 ml portion of the supernatant was used for determination of the organi 
bound P. (ATP**) as described in the text. All values are referred to the original amount of CO; ~ enzyme recovered from the Dowex 


1 column. 
Carboxylation Decarboxylation 
ATP 2 — ADP + P C02 ~ i — ~ AD — 
+ Pit enzyme + CO: enzyme enzyme + 
System 1 8 System 2 . System 3 ATP® formed 
c. p. m. c. p. m. mumoles 
Complete 11,050 Complete 10,900 Complete 10.7 
No ATP 160 No propionyl-CoA 0 No ADP 0.05 
EDTA (0.02 m) 10,280 
Avidin (11 units) 554 
CMB (5 X 10-‘ m) 0 


The specific activity of Na: CO; -C used in the experiment was not determined. It was originally 10 e per wmole, but was con- 
siderably decreased upon standing due to exchange with atmospheric CO:. 


TaB_e II 
Carbozylation and decarborylation of propionyl carborylase (carbozylation by methylmalonyl-CoA -3-C') 

System 1. A sample containing (in micromoles) Tris-HCl buffer, pH 7.5, 50; GSH, 1; methylmalonyl-CoA-3-C"™ (7.85 Xx 105% c.p.m. 
per umole), 0.175; and enzyme, I. II mg, in a final volume of 0.65 ml, was incubated for 5 minutes at 0°; 0.51 mg (2.92 mamoles of biotin) 
of C0: ~ enzyme was recovered; volume, 1.5 ml; 0.1 ml was used for determination of the radioactivity of the enzyme. System 2. 
Samples containing 0.2 ml of CI ~ enzyme from System 1 (0.068 mg), Tris-HCl buffer, 7.5, 10 umoles; and propionyl-CoA, 0.5 umole, 
in a final volume of 0.5 ml, with deletions or other additions as indicated, were incubated for 2} minutes at 3° and worked up as the 
corresponding samples of Table I. System 3. Carboxylation as described for System 1; 0.66 mg (3.77 mumoles of biotin) of CW. ~ 
enzyme was recovered; volume, 1.0 ml. Samples containing 0.4 ml aliquots of the C0. ~ enzyme (0.264 mg) were incubated and 
worked up as described for System 3 of Table I (specific radioactivity of P., 1.8 X 10% c. p. m. per amole). All values are referred to 
the original amount of CO. ~ enzyme recovered from the Dowex 1 column. 


SSS 2. 4 F882 128 F 


Carboxylation Decarboxylation 
1 Cie — C07 ~ + 1-CoA — ~ ADP + Pi? — + 
System i — System 2 1 a System 3 ATP# formed 
c. p. m. c. p. m mumoles 
Complete 20, 200 Complete 19, 700 Complete 3.54 
No propionyl-CoA 105 | No ADP 0.05 
EDTA (0.02 m) 19,800 | 


„C103, 2.58 mumoles. Thus, carboxylation of the enzyme (with 2.92 mumoles of biotin) was almost quantitative. 


avidin (3 units), 900; complete in the presence of propionyl-CoA Of particular interest is the fact that, in the presence of propi- 
(2.0 umoles), 2240. Thus, carboxylation of the enzyme is de- onyl-CoA, about 40% of the enzyme was present as CO: ~ 
pendent on ATP and Mg“ and is inhibited by avidin. The enzyme. This may represent an equilibrium concentration of 
small radioactivity in the samples with avidin or without Mg** _ the latter under the conditions of the over-all reaction. 

was not transferred to propionyl-CoA and, as discussed in the For the experiments of Table II, the enzyme was carboxylated 
preceding section, probably reflects formation of carbamino com- with methylmalonyl-CoA-3-C™ through reversal of Reaction 2 
pounds specially when such a basic protein as avidin is present. (System 1). This reaction proceeded essentially to completion 
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since practically all of the enzyme recovered from the Dowex 1 
column (as determined by optical assay) was carboxylated if one 
assumes one molecule of CO:“ per molecule of bound biotin. 
The experiments of Systems 2 and 3 are identical with the corre- 
sponding ones of Table I and provide assurance that the same 
CO; — enzyme is obtained whether by carboxylation with 
“C0.” + ATP or with methylmalonyl-CoA. It may be noted 
that the formation of ATP at the expense of CO: ~ enzyme 
was once again almost quantitative since an amount of enzyme 
with 3.77 mumoles of bound biotin yielded 3.54 mumoles of ATP. 

As shown in Fig. 3, the carboxylation of propionyl-CoA by 
0: ~ enzyme was proportional to the amount of the latter. 

Stability of CO. Enzyme If one assumes that the decrease 
in methylmalonyl-CoA radioactivity with time, in the experi- 
ments of Fig. 2, is due to spontaneous decarboxylation of the 
CO: ~ enzyme, an assumption which as previously discussed is 
not unlikely, the half-life of the CO: ~ enzyme at 30° and pH 
7.5 (Fig. 2, O——O) would be about 3 minutes. 

It seemed possible to measure the rate of spontaneous break- 
down of the CO: ~ enzyme spectrophotometrically, under the 
conditions of the optical assay of propionyl carboxylase (6), by 
using large amounts of enzyme in the absence of propionyl-CoA. 
The experiments were performed at about 25° and at several pH 
values. On addition of the enzyme (1.22 mg or 7.0 mumoles of 
biotin) there was (particularly at the lower pH values) an abrupt 
decrease in absorbancy at 340 my, probably corresponding to 
the almost instantaneous carboxylation of the enzyme, followed 
by a prolonged, much slower decrease at the linear rate which, 
in the absence of genuine ATPase activity, should reflect the 
rate of decarboxylation of the CO: ~ enzyme. The half-lives of 
the CO: ~ enzyme thus calculated were 2.9, 2.6, and 1.6 min- 
utes at pH 6.42, 8.10, and 9.25, respectively. These values are 
of the same order as the one value derived from Fig. 2. 

The stability of the CO: ~ enzyme was also measured by 
incubation for various times at different pH values and tempera- 
tures, followed by the addition of propionyl-CoA to determine 
the amount of CO: ~ enzyme remaining after incubation. An 
experiment at pH 7.5 and 30° gave a half-life of 14 minutes, a 
value considerably higher than that obtained by the optical 
method. The reason for this discrepancy is not clear. 

Although a closer comparison is not warranted at this time, 
the stability of the CO: ~ enzyme may be said to be roughly 
of the same order of magnitude as reported by Lynen et al. (11) 
for biotin ~ COz. 


DISCUSSION 


The formulation of the over-all reaction as involving forma- 
tion of an energy- rich CO: ~ enzyme intermediate, proposed for 
8-methylerotonyl carboxylase (11) and propionyl carboxylase 
(1, 12) on indirect evidence finds direct support in the present 
work. The results reported in this paper provide conclusive 
evidence that the over-all reaction catalyzed by propionyl car- 
boxylase is the result of two partial, reversible reactions, each 
involving carboxylation and decarboxylation of the enzyme. 
The enzyme is carboxylated either by “CO.” plus ATP (Reac- 
tion 1, forward) in the presence of Mg**, or by methylmalony]- 
CoA (Reaction 2, backward) in the absence of Mg“. The 
energy-rich CO: ~ enzyme either transfers “CO,” to propionyl- 
CoA (Reaction 2, forward) in the absence of Mgt", or is decar- 
boxylated by ADP plus Pi to form ATP (Reaction 1, backward) 
in the presence of Mg“. Both Reactions 1 and 2, like the 
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Fig. 3. Transfer of CO,: from C.. ~ enzyme to propionyl- 
CoA as a function of the concentration of C“O; ~ enzyme. The 
conditions for carboxylation of the enzyme were similar to those 
of Fig. 2; 1.5 ml of C“O; ~ enzyme (2,195 ¢.p.m.) was obtained. 
For transfer, the samples contained Ci O., ~ enzyme aliquot; 
Tris-HCI buffer, pH 8.0, 10 moles; GSH, 0.5 umole; and propi- 
onyl-CoA, 0.5 umole, in a final volume of 0.5 ml. Incubation, 5 
minutes at 3°, other details as for System 2, Table I. 


c'*o, TRANSFERRED 10 uncl (cpm) 


over-all reaction, are inhibited by avidin. Exchange experi- 
ments in complete agreement with these results will be reported 
in a forthcoming paper. 

Under our experimental conditions, the uptake of “CO,” by 
the enzyme approached 1 mole per mole of protein-bound biotin, 
i.e. 4 moles per mole of enzyme (2), and the bound “CO,” was 
almost quantitatively transferred to propionyl-CoA or utilized 
for the synthesis of ATP from ADP and Pi in a 1 mole of “CO.” 
to 1 mole of ATP ratio. These conditions obviously favored 
extensive displacement of the equilibrium position of each partial 
reaction in the direction investigated. The above stoichiometry 
of carboxylation of the enzyme suggests, as proposed by Lynen 
et al. (11) for B-methylcrotonyl] carboxylase, that the CO, ~ 
enzyme is enzyme-biotin ~ CO:, an assumption that finds some 
additional support in the similar degree of instability of the 
CO: ~ enzyme and Lynen’s biotin ~ CO: However, there is 
no definite evidence at present for this view. 

Reaction 2 can be visualized as a transcarboxylation and is 
undoubtedly a step in the over-all reaction (Reaction 6) catalyzed 
by the biotin enzyme transcarboxylase (13), for the transcar- 
boxylase reaction can be considered, in the light of the present 
work, the net result of the partial Reactions 4 and 5. 


Oxaloacetate + enzyme = pyruvate + CO; ~ enzyme (4) 
CO; ~ enzyme + propionyl-CoA = 2 
enzyme + methylmalonyl-CoA 


Sum: Oxaloacetate + propionyl- COA = 
pyruvate + methylmalonyl-CoA 
As mentioned in the introduction, evidence has recently been 
provided (5) that propionyl carboxylase can function as a trans- 
carboxylase. This is due to the fact that, as shown by several 
authors (2, 12, 14), propionyl carboxylase reacts slowly with 
butyryl-CoA to form ethylmalonyl-CoA. On the basis of the 
results presented here this transcarboxylation is explained by 
the coupling of Reaction 7 with Reaction 2. 
Ethylmalonyl-CoA + enzyme = an 
butyryl-CoA + CO; ~ enzyme 


(6) 
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SUMMARY 


Crystalline propionyl carboxylase is carboxylated by adeno- 
sine triphosphate + C1 .,“ or by methylmalonyl coenzyme A 
labeled with C™ in the carboxyl group, to yield C“O, ~ enzyme 
which can be isolated in about 50% yield by passage through a 
Dowex 1 column. One mole of “CO,” is taken up per mole of 
protein-bound biotin. The energy-rich CO: ~ enzyme, rather 
stable at or near 0°, is very unstable at room temperature. 
“CO,” is quantitatively transferred from CI 0: ~ enzyme to 
propiony! coenzyme A yielding methylmalonyl coenzyme A 
labeled with C™. Alternatively, CO: ~ enzyme reacts with 
adenosine diphosphate and P®-labeled orthophosphate to yield 
P®-labeled adenosine triphosphate in a ratio of 1 mole per mole 
of bound CO: These reactions proceed rapidly at tempera- 
tures between 0° and 3°. The results provide conclusive evi- 
dence that the over-all propionyl carboxylase reaction proceeds 
in two reversible steps with enzyme-bound CO,“ the active 
form of COs, as an intermediate. 
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r. Conversion of A’-Cholestenol-4-C* and 7-Dehydrocholesterol-4-C" 
to Cholesterol* 


GEorGE J. SCHROEPFER, IR. f AND IvAN D. FRAntz, Jr. 


From the Departments of Physiological Chemistry and Medicine, Medical School, 
University of Minnesota, Minneapolis 14, Minnesota 


(Received for publication, June 16, 1961) 


The mechanisms involved in the “shift” of the nuclear double 
bond from the A*- and A’-positions in cholesterol precursors to 
the Al. position in cholesterol are poorly understood at this time. 
Although conclusive evidence for an intermediate role of A- 
cholestenol in cholesterol biogenesis is lacking, investigation of 
its conversion to cholesterol provides a model system to study 
the “shift” of the nuclear double bond, a reaction which probably 
occurs in the natural pathway(s). 

With the use of either nonisotopic methods or substrates la- 
beled biosynthetically with Cie, several groups have reported the 
conversion of A?-cholestenol (3-5) and 7-dehydrocholesterol (4- 
8) to cholesterol in animal tissues. The former methods are, at 
best, only suggestive. The use, as substrates, of material la- 
beled biosynthetically is subject to criticism because of the 
difficulties in the purification and absolute identification of the 
radioactive compounds. The conversion of A’-cholestenol-H? to 
cholesterol by the intact rabbit (9) and by cell-free homogenates 
of rat liver (10) has been reported previously. Although this 
substrate proved useful in demonstrating the reaction and a 
requirement for molecular oxygen (10), the proximity of the 
tritium atoms to the site of the biological reaction introduced 
certain complications in the quantitative interpretation of the 
results. 

Because of these considerations, we have prepared A’-choles- 
tenol-4-C'* and 7-dehydrocholesterol-4-C™ by organic synthesis. 
The conversion of these compounds to cholesterol by cell-free 
homogenates of rat liver is reported. The presence of molecular 
oxygen was not necessary for the conversion of 7-dehydrocholes- 
terol to cholesterol. Kandutsch (8) has shown spectrophoto- 
metrically that 7-dehydrocholesterol disappears from cell-free 
liver homogenates incubated anaerobically. He has also shown 
the conversion of biosynthetic 7-dehydrocholesterol-C™ to choles- 
terol by these anaerobic preparations.! 

A*-Cholestenol-4-C", prepared by organic synthesis, was not 
convertible to cholesterol by the rat. This finding suggests that 
4*-cholestenol is not an intermediate in the conversion of A- 
cholestenol to cholesterol. 


* This work was supported by a research grant (H-1875) from 
the National Heart Institute, United States Public Health Serv- 
ice. Preliminary reports were presented at meetings of the Fed- 
eration of American Societies for Experimental Biology (1, 2). 

t United States Public Health Service P Research 
Fellow, National Heart Institute. 

A. A. Kandutsch, personal communication, May 1961. 


EXPERIMENTAL PROCEDURE 


Bucher homogenates of rat liver were prepared and incubated 
with the radioactive substrates by techniques previously de- 
scribed (10,11). The sterols were isolated from the homogenates 
and separated on silicic acid columns (10, 11). Radioactivity 
and sterol content of the various fractions were determined as 
previously described (10). In most cases, the cholesterol isolated 
by chromatography was further identified as cholesterol by 
purification by way of the dibromide (10). 

In studies in vivo, the sterols were administered by injection 
into the portal vein (11). Recovery of the sterols from the liver 
was carried out as previously described (11). 

Ultraviolet spectra were recorded on a Beckman model DK-1 
spectrometer. Infrared spectra were recorded on a modified 
Perkin-Elmer model 12-C spectrometer with a microscope attach- 
ment (12, 13). Melting points were recorded in sealed, evacu- 
ated capillary tubes. 

Preparation of 7-Dehydrocholesterol-4-C'*—Cholestery]-4-C™ 
benzoate (1.10 g; m.p., 149.5-150.0°, clearing at 179°) was 
prepared from benzoyl chloride and cholesterol-4-C™ (200 ye; 
1.00 g)? in dry pyridine. 7-Dehydrocholesteryl-4-C™ benzoate 
(320 mg; m.p., 142.5-144°, clearing at 184°) was prepared from 
cholesteryl-4- CW benzoate (1.099 g) by the method of Bernstein 
et al. (14). Reported melting points of 7-dehydrocholestery] 
benzoate are 139-141°, clearing at 189° (14), and 141-142.5°, 
clearing at 187° (15). Saponification of the 7-dehydrocholes- 
teryl-4- Ci, benzoate (130 mg) with 15% alcoholic KOH (25 ml), 
followed by recovery of the free sterol in petroleum ether, yielded 
7-dehydrocholesterol-4- CI,, which, after two recrystallizations 
from acetone-water, gave 65 mg of product of melting point 
147-148° (literature: 145-147.5° (4), 148-150° (15), and 143° 
(16)). The ultraviolet spectrum (in ethanol) showed absorption 
maxima at 271 mu (e 9900), 281 my (e 10,620), and 293 my 
(e 6110). The infrared spectrum was in good agreement with 
one published by Dobriner et al. (17). When the 7-dehydro- 
cholesterol-4-C™ and carrier cholesterol were chromatographed 
on a I. O X 100-cm silicic acid-Super-Cel column, a single peak 
of radioactivity was observed, which was clearly separated from 
the carrier cholesterol. No contamination with radioactive 
cholesterol could be detected by this technique. The specific 
activity was 91, 600 c.p.m. per umole (counted at approximately 
50% efficiency). 

Preparation of 


? Purchased from the Nuclear-Chicago Corporation. 
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Fic. 1. Chromatogram of the liver sterols of a rat 20 hours after 
the intraportal injection of 7-dehydrocholesterol-4-C"%, X---X, 
cholesterol measured colorimetrically; O——O, radioactivity. 


C™ (35 mg) in purified (18) ethyl acetate was reduced at room 
temperature and atmospheric pressure for 3 hours over a Raney 
nickel catalyst (19). After two recrystallizations from acetone- 
water, A?-cholestenol-4-C™ (11 mg) of melting point 121.5-122° 
was obtained (literature: 122° (20)). The infrared spectrum was 
identical with one obtained from a sample of authentic A’-cho- 
lestenol (aj, 3.4°, c 1.22 in CHCI,) . No specific ultraviolet 
absorption was observed. By chromatography, a single radio- 
active peak was noted. The specific activity was 93,650 cp.m. 
per umole. 

Preparation of A®-Cholestenol-4-C'*—A‘-Cholestenol-4-C™ was 
prepared by a modification of the method of Summers.“ This 
method essentially consists of the treatment of 7 a-bromcholes- 
tery] benzoate in ether with lithium aluminum hydride and sepa- 
ration of the reaction products (A*-cholestenol and cholesterol) 
by chromatography. With the use of the same reaction, Corey 
and Gregoriou (21) have reported the isolation of A*-cholestenol 
by repeated crystallization. In the present study, the melting 
point of the A*-cholestenol-4-C" was 127.5-128.5° (literature: 
114115 (22), 129-131° (23), 124-126° (24), 116-117 (25), and 
119-124° (21)). This material did not depress the melting 
point of an authentic sample of A*-cholestenol. The infrared 
spectra of the two samples were identical. Both samples showed 
absorption bands at 1640, 770, 739, and 705 cm™, consistent 
with a A®cis-double bond (26). The optical rotation of the 
radioactive sample was not recorded, but that of a preliminary 
nonradioactive synthesis was [a], —97.5° (c 0.8 inCHCl;). The 
radioactive A®*-cholestenol yielded cholestanol (identified by 
melting point and infrared spectrum) upon catalytic reduction. 
Contamination of the A*-cholestenol-4-C™ with cholesterol was 
less than 0.1%. The specific activity was 23,500 c. p. m. per 
umole (counted at approximately 60% efficiency). 


The authors are indebted to Dr. G. N. R. Summers of the 
College of Swansea in Wales for information concerning this syn- 
thesis before publication. Thanks are also due for a gift of an 
authentic sample of A*-cholestenol. 


Conversion to Cholesterol 
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The preparation of tritium-labeled A*-cholestenol was described 
previously (11). 

Conversion of 7-Dehydrocholesterol-4-C™ to Cholesterol in vivo~ 
Twenty hours after the intraportal injection of 7-dehydrocholes. 
terol-4-C™ (164,300 c. p. m.; 0.528 mg), the liver sterols were 
isolated (34% of the injected radioactivity) and separated by 
chromatography. The chromatogram is shown in Fig. l. 
Approximately 40% of the radioactivity recovered from the liver 
was associated chromatographically with cholesterol. The re. 
mainder of the radioactivity was chromatographically similar to 
the injected substrate, and it was not studied further. The 
radioactivity associated chromatographically with cholesterol 
was further identified as cholesterol by purification by way of 
the dibromide after the addition of carrier cholesterol. The 
specific activities before and after this purification step were 287 
and 282 c.p.m. per mg of cholesterol, respectively. 

Conversion of 7-Dehydrocholesterol-4-C" to Cholesterol by Cell. 
free Homogenates of Rat Liver—7-Dehydrocholesterol-4-C (29 
ug) in propylene glycol (200 ul) was incubated with 10 ml of a 
Bucher cell-free homogenate of rat liver in an atmosphere of 
oxygen for 1 hour at 37°. Approximately 55% of the added 
radioactivity was associated with cholesterol after chromatog. 
raphy. The specific activity of the radioactive cholesterol was 
29.7 and 27.9 ¢.p.m. per mg, respectively, before and after puri- 
fication by way of the dibromide. 

That molecular oxygen is not required for the conversion of 
7-dehydrocholesterol to cholesterol is indicated by the following 
experiment. 7-Dehydrocholesterol-4-C™ (120 ug) in propylene 
glycol (1.2 ml) was incubated for 1 hour with 60 ml of a Bucher 
homogenate in an atmosphere of purified nitrogen. After chro- 
matography, 76% of the added radioactivity was associated with 
cholesterol. The specific activity of the cholesterol was 208 and 
220 c. p. m. per mg before and after the dibromide purification. 
Under the same conditions, A’-cholestenol is not converted to 
cholesterol (10). 

Conversion of A’-Cholestenol-4-C™ to Cholesterol by Cell-free 
Homogenate of Rat Liver—A’-Cholestenol-4-C™ (20 ug) in pro- 
pylene glycol (200 ul) was added to 5 ml of a Bucher cell-free 
homogenate of rat liver. The incubation was carried out in an 
atmosphere of oxygen for 1 hour at 37°. The chromatographie 
separation of the radioactive products of this incubation is shown 
in Fig. 2. Approximately 34% of the added radioactivity was 
associated with cholesterol after chromatography. The second 
radioactive peak is very similar chromatographically to 7-dehy- 
drocholesterol. The third radioactive peak is similar in its 
chromatographic behavior to the incubated substrate. 

Failure of Conversion of Cholesterol-4-C™ to 7-Dehydrocholesterol 
or A’-Cholestenol by Rat Liver Homogenate—Cholesterol-4-C" (1.4 
ug; 123,100 c. p. m.): in propylene glycol (100 ul) was incubated 
with 10 ml of a Bucher homogenate for 1 hour in oxygen under 
the same conditions as in the previous examples. Virtually all 
of the radioactivity recovered after chromatography was asso- 
ciated with cholesterol (Fig. 3). This homogenate was active 
in converting A*-cholestenol to cholesterol under the same con- 
ditions. 

Failure of Conversion of A*-Cholestenol-4-C“ to Cholesterol 
A*®-Cholestenol-4-C™ (1.52 mg; 92,300 c. p. m.) was injected into 
the portal vein of a rat. ‘The animal was killed with ether 68 
hours later, and the sterols of the liver were isolated. The 
chromatogram of the liver sterols is shown in Fig. 4. Of the 
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yu e. p. m. recovered from the column, 9 + 7 e. p. m. were 
associated chromatographically with cholesterol. The radioac- 
tive peak recovered was chromatographically similar to the in- 
jected substrate, and it was not studied further. 

Another rat was given a mixture of A®-cholestenol-4-C™ (0.7 
mg; 20,570 c. p. m.) and A®-cholestenol-24 ,25-H? (0.7 mg; 92, 100 
ep. m.) by injection into the portal vein. The animal was killed 
39 hours later with ether. Of the 4774 c.p.m. of Ci recovered 
from the liver, none was associated with cholesterol after chro- 
matography (the algebraic sum of the counts per minute under 
the cholesterol peak was —11 + 22). Of the 16,630 c.p.m.of 
tritium recovered from the liver, 3053 ¢.p.m. were associated 
with cholesterol after chromatography. 

A*-Cholestenol-4-C" (4.07 mg; 247,000 c.p.m.) was dissolved 


in ether and applied to a Purina Laboratory Chow biscuit. After 
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Fic. 2. Chromatogram of sterols obtained from a homogenate 
of rat liver which was incubated with 4’-cholestenol-4-C". Sym- 
bols are the same as in Fig. 1. 


9000 
8000 — 
0 
8 
3000 


140 50 160 70 


TUBE NO. 


Fic. 3. Chromatogram obtained from a homogenate of rat liver 
which was incubated with cholesterol-4-C'. Symbols are the 
same as in Fig. 1. 


120 130 


G. J. Schroepfer, Jr. and I. D. Frantz, Jr. 


3139 


500 


TUBE NO. 


Fig. 4. Chromatogram of the liver sterols of a rat 68 hours 
after the intraportal injection of A*-cholestenol-4-C". Symbols 
are the same as in Fig. 1. 


the ether had evaporated, the biscuit was fed to a rat which had 
been deprived of food for 18 hours. After the rat had eaten 
the biscuit (1 hour), food was again placed in the cage. The 
animal was killed 70 hours later with ether. Of the 1288 c. p. m. 
recovered in the liver sterols, 1.6 + 4.4 e. p. m. were associated 
chromatographically with cholesterol. As in the previous ex- 
periments, a radioactive fraction was recovered which was chro- 
matographically similar to the A*-cholestenol. 


DISCUSSION 


The presence of molecular oxygen is not required for the con- 
version of A’-cholestenol to cholesterol in rat liver homogenates 
(10). Johnston and Bloch (27) have suggested that the role of 
molecular oxygen may involve a hydroxylation in ring B, with 
subsequent elimination of water to introduce the A*-double bond 
of cholesterol. The finding that molecular oxygen is not re- 
quired for the conversion of 7-dehydrocholesterol to cholesterol 
may be of some importance in biogenetic considerations. If 
7-dehydrocholesterol is an intermediate in the conversion of A’- 
cholestenol to cholesterol, as suggested by Kandutsch and Rus- 
sell (5), the role of molecular oxygen appears to be localized to 
the conversion of A- cholestenol to 7-dehydrocholesterol. In the 
present study, a radioactive fraction, similar in its chromato- 
graphic behavior to 7-dehydrocholesterol, was isolated from a 
liver homogenate which was incubated with A’-cholestenol-4-C™. 
Further studies will be necessary to establish the identity of 
this fraction. That this fraction was not derived from cholesterol 
is suggested by the failure of a homogenate which was active in 
cholesterol formation to convert any significant amount of 
cholesterol-4-C™ to sterols chromatographically different from 
cholesterol. 

The conversion of A.- cholestenol to cholesterol by the rat could 
not be demonstrated after two different methods of administra- 
tion. In one experiment, a rat was shown to be capable of 
converting A*-cholestenol, but not A*-cholestenol, to cholesterol. 
It is probable, because of the findings in this study, that A“ cho- 
lestenol is not an intermediate in the “shift” of the nuclear 
double bond in cholesterol formation. The possibility that some 
sort of biological activation of the sterol, which is prevented by 
the experimental techniques used, might exist, or that A*-choles- 
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tenol might be an intermediate bound to an enzyme, precludes 
a more definitive statement at this time. Such an activation 
process has not been observed in the case of other sterols impli- 
cated in the biosynthesis of cholesterol. 


SUMMARY 


The conversion of A’-cholestenol-4-C" and 7-dehydrocholes- 
terol-4-C™, prepared by chemical synthesis, to cholesterol by 
cell-free homogenates of rat liver has been demonstrated. The 
latter reaction did not require the presence of molecular oxygen. 
The incorporation of 7-dehydrocholesterol-4-C" into liver choles- 
terol by the intact rat has also been demonstrated. The con- 
version of A*-cholestenol-4-C™, which was also prepared by 
chemical synthesis, to cholesterol by rats could not be detected 
after administration by injection into portal vein or by feeding. 
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The study of 16-hydroxylated steroids received fresh impetus 
when it was reported that small doses of 38, 16a-dihydroxy-5a- 
-20-one,' a constituent of hog adrenals (2), cause an in- 

crease in the excretion of sodium in the majority of salt-loaded 
adrenalectomized rats (3). As yet, this dihydroxyketone has 
not been found in human urine.’ If its metabolism in man fol- 
lowed the usual course for 20-ketosteroids, it would be converted 
to da- pregnane-38, 16a ,20a-triol (J) a compound which has been 
isolated in unspecified yield from human pregnancy urine (6). 
Since sodium retention is not infrequent during pregnancy, it 
seemed of interest to see whether toxemia of pregnancy was 
correlated with decreased urinary levels of this triol. Examina- 
tion of suitable fractions of normal human pregnancy urine by 
paper chromatography showed, however, that there was only 
little material with the mobility of 5a-pregnane- 38, 160, 20 - 
triol. During this search, we encountered unidentified com- 
pounds, including one with the Rr (7) of 58-pregnane-3a,, 16a, - 
%a-triol (IIa). The present report describes the isolation of 


this triol as well as of a companion substance which has been 


identified as its 5-epimer (IIIa). 

When synthesizing triol 77a (7), we had difficulty separating 
it from 58-pregnane-3a ,20a-diol and its 17-hydroxy derivative. 
Since both compounds occur in pregnancy urine, the conven- 
tional isolation procedures were modified to facilitate the purifi- 
cation of triol IIa. To this end, the steroid mixture obtained 
after glucuronidase hydrolysis was subjected to countercurrent 
distribution in a system (7) in which 58-pregnane-3a , 20a-diol 
has a partition coefficient of about 0.57 and triol IIa of 0.08. 
Calculation shows that a 2 tube-10 transfer distribution between 
equal phase volumes would retain in the tubes 83% of the triol 
and free them of 93% of the diol. The content of the tubes was 
oxidized with periodic acid to remove 58-pregnane-3a, 17, 20 
triol and other vicinal glycols. The product was freed of ke- 


Supported by Grant C-1679 of the National Institutes of 
Health, United States Public Health Service. 

The nomenclature used in this report conforms as far as possi- 
ble to the definitive rules of the International Union of Pure and 
Applied Chemistry (1). Since the rules do not provide distinctive 
designations for stereoisomers at C-20, the old practice is being 
continued and the 20a configuration is being assigned to com- 
pounds with the same configuration as the principal pregnanediol 
of human pregnancy urine. 

Observations published after the initiation of our experiments 
cast doubts on the role of this compound in regulating sodium 
in man (4). 

statement has been made as to its presence (3) but is con- 
tradicted by the reference (5) cited. 


tones and then, by a more extensive countercurrent distribution, 
of the remainder of the 58-pregnanediol. The resulting triol 
fractions were still complex mixtures and gave no pure Com- 
pound //Ja on recrystallization. Although chromatography of 
the acetates achieved further purification, the most effective 
separations were obtained by quasi-gradient elution of the free 
steroids from alumina with mixtures of benzene and ethanol. 
The final product was identified as 58-pregnane- 30, 160, 20 
triol (IIa), since its properties agreed in every respect with 
those of a reference specimen of proven structure (7). 

In the course of these fractionations, a second substance was 
isolated in pure form. Its physical properties seemed to differ 
from those of known steroids. Its infrared spectrum showed 
the presence of hydroxyl and the absence of carbonyl groups. 
Acetylation resulted in a weight increment corresponding to 
three acetate groups in a pregnane derivative and gave a prod- 
uct devoid of the hydroxyl band. Absorption indicative of 
olefinic hydrogen could not be seen. On the assumption that 
the isolated product was a pregnane-3,z7,20a-triol with the 
prevalent configuration in ring A (3a-hydroxy-58) the contribu- 
tion of the third acetoxy group to the molecular rotation was 
calculated (—386°). This value is considerably more levorota- 
tory than the contribution known for any acetoxy substituent 
of the pregnane system‘ but would reduce to a contribution 
( —285°) characteristic of a 16a-acetoxy group if the parent triol 
were a 3a-hydroxy-5a-steroid. Corroboration of this partial 
structure was seen in the very strong absorption band at 9.98 
u (16). Finally, the acetate spectrum showed bands in positions 
(8.69, 8.92, 9.04, 9.67, 10.50, and 10.60 ) which appear to be 


The calculated contributions are based on the molecular 
rotations of 58-pregnane-3a ,20a-diol diacetate (+166° in acetone 
(8)) and of its 5-epimer (+65° in ethanol (9)). The reference 
data for contributions of acetoxy groups to molecular rotations 
which were summarized previously (9, 10) can now be supple- 
mented with values for nearly all of the remaining relevant posi- 
tions. 1-Acetoxy groups make a negative contribution to 58 
steroids (—100 (la) and —116° (18) in methyl 1-acetoxy-5s-an- 
drostane-178-carboxylates) (11). As in 5a compounds (12), the 
contribution is modified by the presence of a 3-acetoxy group (11). 
The contribution of a 15-acetoxy group (13) in 17-hydroxy-15,21- 
diacetoxypregn-4-en-3-one is +19° for the 15a and —84° for the 
158-epimer, that of an 18-acetoxy group is positive (+107°) in 
5a-pregnane-38 ,18,20a-triol triacetate (14, 15). All new data are 
based on measurements in chloroform. The contribution of an 
acetoxy group at 16 (average value —283° in ethanol in 3 exam- 
ples (7, 9) of 16a,20a-diacetoxysteroids) is more levorotatory 
than that reported for any acetate substituent of the saturated 
steroid system with the usual stereochemistry. 
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characteristic of steroids with acetate groups in the 16a and 20a 
positions (7). To prove the structure indicated by these ob- 
servations, the synthesis of 5a-pregnane-3a , 16a ,20a-triol (IIa) 
was undertaken. 

Among various procedures for the preparation of 16a ,20a-di- 
hydroxysteroids, the reduction of a 16a-hydrory-20-ketone with 
lithium aluminum hydride (17) has been the most convenient 
for us. A suitable starting material for such a synthesis, 
3, 16a-dihydroxy-5a-pregnan-20-one (Va) has recently been 
prepared by Neher, Meystre, and Wettstein (5) from 3a-hy- 
droxy-5a-pregnan-20-one by bromination, dehydrobromination, 
epoxidation, and reduction. In the present work, the more 
readily available 36-hydroxy-16a,17-epoxy-5a-pregnan-20-one 
(1Va) (18) was used as starting material. It was inverted at 
C-3 by treatment of the p-toluenesulfonate (IVb) with N,N- 
dimethylformamide. This excellent procedure by Chang and 
Blickenstaff (19) yields inverted formates and curtails the forma- 
tion of ring A unsaturated side products“ such as VII. As in 
other cases (17, 20), reduction of the resulting 3a-formate (V) 
with chromium diacetate according to Cole and Julian (20) gave 
chiefly the 16a-hydroxy-20-ketone (VJb) and lesser amounts of 
the A'*-20-ketone (VIII). The various side products were re- 
moved most conveniently at this stage. Contrary to impres- 
sions gained in working with other 3-formates (7, 17), some 
hydrolysis occurred during chromatography on silica gel. This, 
however, was not very detrimental since both V/a and Vb were 
equally suitable for conversion to triol IIIa with lithium alumi- 


5 The position of the double bond has not been determined but 
is assumed to be predominantly between C-2 and C-3 in analogy 
to other eliminations in the 5a series (e.g. 19). 


Sa and 58-Pregnane-8a , 16a ,20a-triols 
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num hydride. Both 20-epimers were formed in about equal 
amounts and separated by countercurrent distribution. As was 
pointed out previously (7), only the 20a isomer can be expected 
to show intramolecular hydrogen bonding between the 16a and 
20-hydroxy groups and, therefore, should travel considerably 
faster with the mobile (less polar) phase of a hydrocarbon-dilute 
alcohol system. This expectation was borne out since the ratio 
of the distribution coefficients for the two products was found 
to be greater than 4. Consequently, the faster moving com. 
pound was formulated as 5a-pregnane-3a, 16a ,20a-triol (IIIa). 
It proved to be identical with the isolated material. If the 
structural assignment is correct, the slower moving compound 
must be 5a-pregnane-3a , 16a ,208-triol (IXa). This compound 
had already been prepared (21) from a proven 206-hydroxy. 
steroid (22), the 5a-pregnane-3 , 16, 20-triol of the urine of preg. 
nant mares. Comparison of the two preparations of triol IXa 
fully verified their structural identity. 
SPECTROGRAPHIC CORRELATIONS 

Comparison of the infrared spectra obtained in this study with 
curves previously recorded in this laboratory indicated correla- 
tions between structure and band positions which appear to be 
of diagnostic value. All measurements refer to solutions in 
carbon disulfide. 

A'*.20-Ketones—The five compounds studied differed in their 
structures at C-3 and C-5 (A*-3-ketones, 38-formoxy-A', 38. 
hydroxy-58, A?-5a,5 and 3a-formoxy-5a-steroids) and showed 
common maxima at the following positions: 7.585 + 0.015, 
7.69 + 0.02, 7.85 + 0.01, 8.12 + 0.03, 10.27 + 0.01, 12.05 + 
0.03, and 12.205 + 0.015 f (1318, 1300, 1274, 1232, 974, 830, 
and 819 em-). The most prominent of these peaks is the one 
near 8.12 . Judging from band intensities it is split into a 
doublet (8.09 and 8.15 f) in the case of 38-hydroxy-56-pregn- 
16-en-20-one. Only two of these frequencies (829 and 819 
em~') have been mentioned previously (23) as being charac- 
teristic of A'*-20-ketones. 

16a-H simple 16a-hydroxy-20-keto- 
steroids which could be examined in carbon disulfide showed an 
intense absorption band at 9.52 + 0.02 w (1050 em ). The 
peak probably is associated with the carbon-oxygen stretching 
vibration at C-16. The compounds studied had different strue- 
tures at C-3 (A, 3a or 8-formoxy ,38-acetoxy) and C-5 (A, a or 
B-hydrogen), five were 20-ketones and one was a methyl an- 
drostane-178-carboxylate. The wave length may be greatly 
altered if measurements are made on samples in the crystalline 
state. 

3a-Formoxy-5a-steroids (Compounds I, VIb, VIIIb)—The 
formyl-oxygen stretching band of these axial formates is split 
into a doublet (8.40 to 8.41 u and 8.45 + 0.01 A) (1190 and 118 
em-i) as judged by a comparison of their band areas with those 
of other 3-formates (see also (7) and (19)). The intense band 
at 10.26 to 10.28 uw (974 em i) can probably be ascribed to carbon- 
oxygen stretching at C-3. 


EXPERIMENTAL PROCEDURE® 


General Procedures 
Quasi-gradient Elution—The columns were about 125 mm high 
and contained Woelm’s alumina (nearly neutral, treated before 
use with 6% water) in an adsorbent steroid ratio of 1000:1. 


* All melting points reported are corrected. Rotations were 
measured in 95% ethanol in a 2-dm tube at the concentrations 
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4s the material to be adsorbed was sparingly soluble in benzene, 
3 minimal amount of ethanol was added to effect solution. After 
adsorption, the eluant was added in 1.1 ml portions to the column 
from a vessel containing 200 ml of benzene (for 6 mg of steroid). 
After each addition, 0.1 ml of absolute ethanol was added with 
mixing to the reservoir. The eluates were collected in 4.4 to 
35 ml portions. This technique gave good separations. It 
requires no special apparatus but needs more attention than the 
gutomatic procedure described by Lakshmanan and Lieberman 
(25). Their equation was used in calculating the ethanol con- 
tent of the eluant. 

Other Chromatographic Procedures The silica gel-Celite (2:1) 
columns were washed as described (26) and had 80 g of adsorbent 
per g of steroids. 

The solvent system which had been used for the analysis of 
triols by means of paper chromatograms (7) led to considerable 
trailing when applied to Compound IIIa. At the suggestion of 
de Courcy, the system was replaced by the following (in milli- 
liters): isooctene, 30; heptane, 30; toluene, 120; diisopropyl 
ether, 20; methanol, 160; and water, 40. In this system, 15 
ug of triol IIIa gave a spot measuring 25 X 15 mm, and the 
various pregnane-3 , 16a ,20-triols showed the following Ny values: 
5a-3a , 16a , 20a, 0.36; 58-3a , 16a, 20a, 0.32 + 0.02; 5a-38, 160, 
Ma, 0.27; 5a-3a,16a,208, 0.12; 58-3a,16a,208, 0.095; and 
30-30, 166, 208, 0.05. 58-Pregnane-3a,17,20a-triol moved 
slightly faster (0.37) than IIIa. All chromatograms were 
examined after reaction with phosphomolybdie acid (7). 

Isolation Studies 

Extraction and Hydrolysis of Conjugates—Urine collections (25 
liters) representing 19 1-day collections were obtained from 19 
women who were in the last trimester of pregnancy. The urines 
were — with 1, 0.5, and 0.5 volumes of ether-ethanol 
according to the procedure of Kellie and Wade (27). The con- 
jugated compounds were freed of ammonium sulfate (27) and dis- 
solved in water. The solution, after its pH was adjusted to 5.0, 
was diluted with an equal volume (12.5 ml)’ of 0.5 m sodium 
acetate buffer, pH 5.0, and incubated with 100,000 units’ of 
B-glucuronidase (Ketodase) at 40° for 24 hours. The mixture 
was extracted with 200, 125, 100 mf of ether. The first two 
ether extracts were washed with water, I N hydrochloric acid, 
4% sodium hydroxide, and repeatedly with water. All washings 
were back-extracted with the third ether extract. The combined 
neutral fractions gave 2.5 g of residue. The incubation mixture 
after ether extraction was solvolyzed with ethyl acetate as de- 
scribed by Burstein and Lieberman (28) and yielded 1.4 g of 
neutral products. 

Fractionation of Neutral Products Obtained after Treatment 
with Glucuronidase—This material was subjected to a 3 tube-10 
transfer countercurrent distribution in separatory funnels be- 
tween equal volumes (960 ml) of the two phases obtained from 
1800 ml of methanol, 700 ml of water, 1875 ml of toluene, and 
625 ml of isooctane. The upper phases which had passed 


stated. Unless noted otherwise, infrared spectra were determined 
in carbon disulfide on a Perkin-Elmer model 12 spectrometer with 
double pass and sodium chloride optics. Reports on infrared 
maxima are generally limited to those signifying functional 
groups, e.g. 2.78 (hydroxyl), 5.80 (formate), 5.86 (20-ketone), 
5.99 „ (4'*-20-ketone) (24). Only Compounds IIIa and IIIb 
have been more fully characterized. Their strong bands are given 
in italics, their weak ones in parentheses. 
These quantities refer to a 24-hour aliquot of urine. 
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through the three tubes contained 1.48 g, tube 2 had 0.25 g, and 
tubes O and 1 had 0.76 g of residue. This last fraction was dis- 
solved in 20 ml of acetic acid and treated in the dark with an 
equal volume of 0.2 m periodic acid in 1 & sulfuric acid (29) for 
3 hours at 25°. The reaction mixture which was extracted with 
ether, washed with sodium hydroxide solution and with water, 
gave 576 mg of neutral products which were separated by means 
of Girard’s Reagent T into 270 mg of ketonic and 176 mg of 
nonketonic material. The latter was introduced into tubes 0 
and 1 of a Craig apparatus and subjected to a 50 transfer-30 
tube countercurrent distribution between 10-ml phases of the 
system described above. Appropriate fractions (7) were tested 
for 58-pregnane-3a ,17,20a-triol by the method of de Courey 
(30) but none was found. 

Tubes 3 to 10 gave 5.3 mg of 5a-pregnane-3a , 16a , 20a-triol 
(IIIa) on recrystallization. The mother liquors of tubes 3 to 8 
were acetylated with pyridine and acetic anhydride at room 
temperature, adsorbed on 100 parts of acid-washed alumina, 
and eluted with petroleum ether-benzene (2:1 to 1:2), benzene, 
benzene containing ether, and with ether. None of the frac- 
tions crystallized. They were grouped into early (10.7 mg), 
middle (10.0 mg), and late (18.8 mg) eluates on the basis of the 
resemblance of their infrared spectra to that of 58-pregnane- 
3a, 16a ,20a-triol triacetate (7). The three fractions were hy- 
drolyzed by heating solutions in 80% ethanol containing 0.6% 
sodium hydroxide for 1 hour under a reflux. 

Isolation of 5B8-Pregnane-3a,16a,20a-triol (Ila)—The hy- 
drolysis product (7.7 mg) of the middle eluates was subjected to 
quasi-gradient elution. Compound IIa was the last component 
to be eluted (with 7 to 9% ethanol). These fractions (1.7 mg) 
also contained crystals with R. 0.06. The two compounds 
were separated by paper chromatography on sheets containing 
50 ug per cm of the starting line. After development, the two 
components were eluted with methanol. The residues of the 
eluates were dissolved in methylene chloride and washed with 
water. The faster moving fraction (Na 0.32) after recrystalliza- 
tion from acetone and from dilute methanol melted at 221-223° 
and showed no depression when mixed with 58-pregnane-3a, - 
16a ,20a-triol (IIa) (7). The infrared spectra were identical 
when both preparations were added as methanolic solutions to 
potassium bromide, dried, and pressed. The curves differed, 
however, from the one previously reported (7) for a pellet pre- 
pared by adding dry crystals (recrystallized from acetone) to 
potassium bromide. The compound traveled as a single spot on 
paper at the same rate as authentic triol. The yield of the iso- 
lated material was 1.2 mg. On acetylation, it gave an amor- 
phous product. Its infrared spectrum agreed with that of syn- 
thetic triacetate (IIb) (7). 

No triol IIa was obtained from the hydrolysis products of the 
early or late eluates. 

Isolation of 5a-Pregnane-3a ,16a,20a-triol (IIIa)—The hy- 
drolysis product (12.9 mg) of the late eluates was subjected to 
quasi-gradient elution. The first major elution peak was ob- 
tained with 3.5 to 4% ethanol. This material, on recrystalliza- 
tion from acetone, melted at 231-232° and had [a]? — 10° (3 
mg per ml). The dry crystals were pressed into a potassium 
bromide pellet. In addition to the hydroxyl peak at 3.02 with 
shoulder at 3.08 yu, the following maxima were observed between 
7.50 and 14.9 w (very weak ones are omitted): 7.62, (7.68, 
shoulder), 7.75, (7.88, shoulder), 8.00, 8.08, 8.16, 8.58, 8.70, 8.90, 
8.96, 9.10, ~9.16 (shoulder), 9.35, 9.44, 9.51, 9.64, 9.77, 9.84 
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(shoulder), (9.93, shoulder), 9.98, (~10.08, shoulder), 10.22, 
10.30, 10.46, 10.67, 10.84 (shoulder), 10.92, 71.04, 11.23, 11.39, 
11.54, 11.97, 12.07, 12.52, 13.02, (~13.70), and 13.98 u. The 
curve agreed with that obtained with the synthetic specimen of 
IIIa and there was no depression of the melting point on admix- 
ture. Both preparations moved on paper as single spots at 
identical rates. The yield from pregnancy urine was 10.8 mg. 

On acetylation at room temperature, 8.3 mg of the isolated 
compound gave 11.2 mg of an amorphous product with [a]> 
—48° (6 mg per ml); IAI]. — 220°. After standing for several 
months, the acetate crystallized. Reerystallization from dilute 
methanol furnished triacetate (IIIb) with m.p. 111-113“ which 
was not depressed on admixture with a synthetic reference speci- 
men. The infrared spectra of the two preparations of IIIb 
agreed. In addition to the acetate peaks at 5.76 and 8.06 u, 
the following maxima were observed between 7.6 and 11 h: 8.27, 
8.34, 8.47, 8.60, 8.69 (shoulder), 8.92, (9.04), 9.17, 9.40, 9.58, 
9.67, 9.78, 9.93 (shoulder), 10.17, 10.26 (shoulder), 10.40, 10.50, 
10.60, 10.77, and (10.89) u. 


Syntheses 

38 - p- Toluenesulfonylory - 16a ,17 - epoxy - 5a - pregnan - 20 - one 
(1 Vb) —38- Hydroxy - 16a, 17 - epoxy - 5a - pregnan -20-one (I Va) 
(m. p. 186.5-188°)® was prepared by hydrogenation of 38-hydroxy- 
16a ,17-epoxypregn-5-en-20-one with palladium-calcium car- 
bonate catalyst in 95% ethanol (18). A mixture of 124 mg of 
IVa, 341 mg of p-toluenesulfonyl chloride, and 1.5 ml of dry 
pyridine was kept at 22° for 2 days, chilled, treated with water, 
and after dilution with ether, washed with dilute hydrochloric 
acid, sodium carbonate solution, and water. The product (174 
mg) was used for the next step without purification. An aliquot, 
after several recrystallizations from acetone, melted on fast 
heating at 165.5-168° with decomposition. The infrared spec- 
trum, which differed only very slightly from that of the crude 
product, showed bands at 8.42, 8.50, 9.10, (tosyloxy (24)) and 
at 5.86 u. 


Calculated: C 69.10, H 7.87 
Found: C 69.44, H 8.03 


8a-Formozry-16a ,17-epoxry-5a-pregnan-20-one (V)—A mixture 
of 171 mg of tosylate IVb, 6 ml of N,N-dimethylformamide 
(Fischer certified reagent, not redistilled (19)), and 0.2 ml water 
were kept at 78° under a reflux for 66 hours. The product was 
isolated by distribution between water and ether. The washed 
ether extract gave 126 mg of residue which showed no tosylate 
absorption and which was used for the next step without purifi- 
cation. An aliquot (25 mg) was chromatographed on silica 
gel-Celite. The early eluates obtained with benzene-petroleum 
ether (1:1) contained 3.5 mg of olefin® (VII) (Amax 3.32, 5.86 
u). The main product (V) was eluted with benzene containing 
2% ether and was recrystallized from methanol. 3a-Formoxy- 
16a ,17-epoxy-5a-pregnan-20-one had m. p. 169-172° and Amex 
5.80, 5.86, 8.40, 8.46, and 10.28 . 


C22H320, 


Calculated: C 73.30, H 8.95 
Found: C 72.00, H 8.73 


* Ercoli and de Ruggeri (18) reported a m. p. of 178-179, un- 
corrected, for a product prepared by the same procedure. 

Repetition of the analyses of Compounds V and Vb which 
gave unsatisfactory carbon values would have necessitated re- 
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Finally, elution with ether yielded 4 mg of residue (A 2.77, 
5.86, 9.96 A) which after recrystallization from dilute ethanol 
and from dilute methanol had a melting point of 180-182 
The melting point reported for 3a-hydrory-16a,17-epory-59. 
pregnan-20-one is 181-1827, uncorrected (31). 


When the reaction was run for 26 hours, only 76% of yj} {100 


reacted, as judged by the intensity of suitable bands (9.10 
10.67, 11.56, and 12.30 fn) of Vb in the product. Without the 
addition of water, only 60% of 1 Vb reacted in 24 hours. These 
rates are notably slower than those reported by Chang ang 
Blickenstaff, who used a different brand of dimethylformamide 
(19). 

(V1b)—The crude 
inversion product of I (100 mg) in 5.5 ml of acetic acid and q 
suspension of chromium diacetate (prepared from 885 mg of 
hexaaquochromium trichloride (9, 17)) in 2 ml of water was 
shaken in a sealed tube for 21 hours. The reaction product was 
isolated as described (17) and chromatographed on silica gel. 
Celite. Elution with benzene containing 1 to 10% ether gave 
successively the following eluates, which were assigned structures 
on the basis of the infrared peaks listed: Sa- pregna- 2, 16-dien. 
20-one® (Amax 3.32, 5.99, 7.59, 7.71, 7.85, 8.13, 10.28, 12.06, and 
12.20 yw), 3a-formory-da-pregn-16-en-20-one (VIIIb) (mp. 
after recrystallization from methanol 176.5-180.5° with decom. 
position; Amax 3.29, 5.80, 5.99, 7.60, 7.69, 7.84, 8.15, 8.41, 8.46, 
10.28, 12.07, and 12.20 ), 3a-hydrory-5a-pregn-16-en-20-on 
(VIITa) (m. p. after recrystallization from methanol, 232-235°: 
reported m. p. 226°, uncorrected (32); ARB 2.90, 6.06, 7.58, 7.67, 
7.82, 8.09, 9.93, 10.26, 12.03, and 12.12 (shoulder) u), 16a-hy- 
drory-5a-pregn-2-en-20-one® (Amax 2.78, 3.32, 5.87, 9.54 u). 

Elution with benzene containing 20% ether first gave 6.2 mg 
of a mixture of 16a-hydroxy-5a-pregn-2-en-20-one and of J 
and then 43 mg of 3a-formory-16a-hydrory-5a-pregnan-20-on 
(VIb). This compound after recrystallization from acetone and 
from methanol melted at 209-211° and showed Amax 2.78, 5.80, 
5.87, 8.40, 8.44, 9.54, and 10.26 uw in carbon disulfide and 2.84, 
8.25, 9.46, and 10.28 u as crystals embedded in potassium bro- 
mide. 


Calculated: C 72.89, H 9.45 
Found: C 74.27, H 9.37 


Finally, 3a, 16a-dihydrory-5a-pregnan-20-one (Va) (12 mg) 
was eluted with ether and with methanol. After recrystalliz- 
tion from acetone it melted at 224-227° (reported m. p. 227-2 
and 224-228 for the higher and 209-211 for the lower melting 
modification of this substance (5)) and had AKBr 2.93, 5.90, 9.55, 
and 9.97 uu (see also (5)). 

5a-Pregnane-8a ,16a,20a and B-triols (IIIa and I1Xa)—A 
solution of 22.8 mg of 3a-formoxy-16a-hydroxy-5a-pregnan-20- 
one in 10 ml of dry ether and a slurry of 350 mg of lithium alu- 
minum hydride in 13 ml of ether was stirred at room temperature 
for 45 minutes. The reaction product (21.1 mg) was isolated in 
the usual manner (33) and subjected to a 80 transfer-16 tube 


countercurrent distribution in the isooctane-toluene-dilute 


peating their synthesis from the starting material. This was 
not done, since neither compound gave evidence of inhomogeneity 
when tested by paper chromatography in an isooctene-80% meths- 
nol system. Moreover, the infrared spectra were examined for 
plausible impurities, but none could be found. 
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gethanol system described above. The observed weights fit the 
jistribution of two components with distribution coefficients of 
0.116 (10.9 mg) and of 0.024 (10.4 mg), respectively (34). 

The contents of tubes 7 to 15 (7.9 mg) which were homoge- 
neous when tested by paper chromatography were recrystallized 
om methanol and from acetone. The resulting 5a-pregnane- 
§a,16a,20a-triol (IIIa) melted at 229-232°. Acetylation of 
10.1 mg of this triol gave 13.8 mg of an amorphous product 
shich crystallized immediately on seeding with the triacetate of 
the isolated triol J77. The synthetic triacetate (IIIb) was re- 

ized from dilute methanol. It had m.p. 111.5-113°; 
(a], 48 (4 mg per ml). 


CH. :O. 


Caleulated: C 70.10, H 9.15 
Found: C 70.10, H 9.14 


The contents of tubes 0 to 3 (9.2 mg) were recrystallized from 
zcetone. The melting point of 5a-pregnane-3a , 16a ,208-triol 
(a) (238-239°) was not depressed by admixture of a reference 
sample (21) prepared from 5a-pregnane-38, 16a ,208-triol. 
Both preparations migrated as single spots on paper at the same 
rate. The triol prepared from VJ was acetylated at room tem- 
perature. The product was recrystallized from dilute methanol 
and from petroleum ether to yield triacetate (Ib) with m. p. 
126-129.5° which remained unchanged on admixture of a refer- 
ence sample (21). The infrared spectra of both preparations 
were in very close agreement. 

The over-all yield of triol IIIa from IVa was 14%, that of 


“| trol IXa 17%. 


DISCUSSION 


The isolation of two closely related 16a-hydroxysteroids, 5a- 
and f- pregnane- 3a, 16a ,20a-triols, forms an interesting parallel 
to the recent isolation of the two 5-epimeric 3a, 16a-dihydroxy- 
pregnan-20-ones from the urine of newborns with the salt-losing 
syndrome that characterizes some cases of adrenal hyperplasia 
(5). Tentative assay data indicated the presence of these two 
ketones, although in lesser amounts in most other urine samples 
investigated. The close structural similarity between the four 
compounds suggests the possibility of a common precursor, most 
likely 16a-hydroxypregn-4-ene-3,20-dione (16a-hydroxypro- 
gesterone) which has been isolated from natural sources (35). 
If this supposition is correct, the metabolism of 16a-hydroxy- 
progesterone would conform qualitatively to the pattern set by 
progesterone and its derivatives but would differ from it quan- 
titatively. With the possible exception of corticosterone (36, 
37), A*-3-ketosteroids with 21 carbon atoms are metabolized by 
man predominantly to 3a-hydroxysteroids with the 8 configura- 
tion at C-5 (38). In contrast to this, we isolated 10.8 mg of the 
da- triol (IIIa) and only 1.2 mg of the 58-epimer (IIa). With- 
out question, the fractionation procedures used were not quanti- 
tative and the losses of the two triols may have been dispropor- 
tionate. Nevertheless, it seems unlikely that such disparity of 
yields would have been observed unless the steroids liberated by 
glucuronidase from pooled pregnancy urine contained more of 
the 5a than of the 58-triol. In view of this unusual ratio of 


isomers a study of the metabolism of 16a-hydroxyprogesterone 
triols. 
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5a-Pregnane-3a , 16a ,20a-triol and 58-pregnane-3a , 16a , 20a- 


triol have been shown to be naturally occurring compounds. 
They were isolated from human pregnancy urine in yields of 
0.57 and of 0.06 mg er 24 hours, respectively. Their structures 
were established by comparison with synthetic samples. The 
preparation of 5a-pregnane-3a , 16a ,20a-triol from 38-hydroxy- 
16a ,17-epoxy-5a-pregnan-20-one has been described, and some 
of the characteristics of the infrared spectra of A'*-20-ketones, 
of 16a-hydroxy-20-ketones and of 3a-formoxy-5a-steroids have 
been pointed out. 


Acknowledgment—The authors wish to thank Dr. Jerold M. 
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This study is concerned with the isolation and characteriza- 
tion of a new steroid, A*-pregnene-3a, 16a ,20a-triol (Ja) (Fig. I), 
from the urine of a patient with widely metastatic adrenocortical 
carcinoma. This report is the first description of this metabolite 
in urine as well as the first record of the natural occurrence 
of a 3a-A*-hydroxysteroid. The compound was obtained to- 
gether with two related triols, pregnane-3a , 16a ,20a-triol (IIa) 
and pregnene-38, 16a ,20a-triol (IIIa). Hirschmann has re- 
cently isolated IIa from human pregnancy urine (1) and de- 
scribed the synthesis of the compound (2); IIIa has previously 
been isolated by Hirschmann and Hirschmann (3) from the 
urine of a boy with adrenocortical carcinoma and by Fotherby 
(4) from the urine of normal men. To our knowledge, there 
have been no other reports of the identification of IIa or IIIa 
in urine. 

The new steroid, Ja, was isolated from the nonketonic fraction 
of the neutral steroid extract which was not precipitated by 
digitonin. When chromatographed on paper in System D 
(ef. “Experimental Procedure”) the substance moved in the 
neighborhood of pregnane-3a,17a,20a-triol and was detected 
by staining with phosphomolybdie acid and with phosphoric 
acid. The product was separated from the major contaminating 
steroid, pregnane-3a , 17a ,20a-triol, by column chromatography 
and was readily crystallized from methanol. The elementary 
analysis indicated a pregnenetriol. The substance was unsatu- 
rated, as indicated by positive tests with tetranitromethane and 
by absorption at 1672 em- in potassium bromide dispersion, 
a position consistent with the presence of a double bond from 
carbons 5 to 6, or 7 to 8 (5). In agreement with this tentative 
conclusion, the product gave a typical Liebermann-Burchard as 
well as a Pettenkofer reaction. Acetylation at room tempera- 
ture with pyridine and acetic anhydride yielded a product 
devoid of hydroxyl groups as judged from infrared spectrometry, 
so that the presence of either hindered or tertiary hydroxyl 
groups could be eliminated. Since the product was not precipi- 
tated by digitonin, the a-orientation of the hydroxyl group at 
C-3 was indicated; this was confirmed by enzymatic means (6). 
The compound was oxidized almost quantitatively in 2 minutes 
with the 3a-hydroxysteroid dehydrogenase, obtained from 
Pseudomonas testosteroni (6), whereas with the 38-hydroxysteroid 
dehydrogenase from the same source (in which a minor contami- 


* This investigation was supported in part by a grant from the 
American Cancer Society and a research grant (CY-3207) from 
the National Cancer Institute of the National Institutes of Health, 
United States Public Health Service. 


nation with 3a-hydroxysteroid dehydrogenase was known to be 
present), the reaction was slow and less than 50% was oxidized in 
35 minutes. 

The orientation of the hydroxyl groups in the new steroid, 
Ia, was conclusively established by platinum-catalyzed hydrogen- 
ation of the triacetate, Ib, in ethyl acetate containing a trace of 
perchloric acid. The product, obtained in good yield, was 
pregnane-3a , 16a ,20a-triol triacetate (IIb) identical with a 
synthetic sample.! Since Lewis and Shoppee (7) had shown 
that the reduction of 3a-acetoxy-A*-steroids proceeds from the 
B-face to yield 58-saturated steroids as the principal product 
(confirmed in this laboratory with the model steroids, epicho- 
lesterol and 3a-hydroxy-A*-androstene-17-one), the result not 
only established the position of the hydroxyl groups but made 
the presence of a 5,6 double bond highly probable. There still 
remained a minor uncertainty, however, since it was possible 
that a A’-pregnene would yield the same result under the acidic 
conditions employed in the hydrogenation. The molecular 
rotatory difference AM, (IIa — Ia), —235, agreed with that, 
— 298, for the contribution of a double bond at C-5,6 and differed 
considerably from that, +119, for a double bond at C-7,8 in a 
58-steroid (8). Further evidence for the Al structure was ob- 
tained by enzymatic oxidation with the 3a-hydroxysteroid 
dehydrogenase in the absence of hydrazine. The reaction prod- 
uct after treatment with base was chromatographed to yield two 
products, each of which showed absorption maxima at 240 my 
in ethanol. The result was clearly indicative of a A*-3-ketone 
and the structure of the unknown product was thus established 
as A®-pregnene-3a , 16a ,20a-triol (Ja). 


EXPERIMENTAL PROCEDURE” 


Solvent Systems for Chromatography System A, benzene- 
cyclohexane-methanol-water, 1:2:3:3; System B, benzene-cy- 
clohexane-methanol-water, 1:1:2:2; System C, 2,2,4-trimeth- 
ylpentane-toluene-methanol-water, 1:3:4:1; System D, 2, 
2 ,4-trimethylpentane - toluene - methanol - water, 3:5:4:1. The 
chromatographic mobility on paper of the pregnanetriols studied 
is recorded in Table I. 

Isolation Studies The steroid extract was obtained from the 

1 The authors are grateful to Dr. H. Hirschmann for this steroid. 

2 The melting points were determined on a micro hot stage and 
are corrected. The infrared spectra were determined on a Perkin- 
Elmer model 21 spectrophotometer. The prisms used in the 
regions examined are 4000 to 2750 cm™ and 1800 to 1280 cm", 
Ca F:, and 1300 to 650 NaCl. 
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CH; CH. CH. 
Hon Hon H—C—OR 
OR OR R 
RO RO RO 
Ia, R= H IIa, R= H IIIa, R= H 
Ib, R= Ac IIb, R = Ac IIIb, R = Ac 
Fic. 1 
TaBLe | The compound was yellow with tetranitromethane, blue in the 
Chromatographic mobilities of pregnanetriols Pettenkofer reaction (11), and in the Liebermann-Burchard 
: reaction, a plum color similar to that obtained with epicholes- 
Steroids Solvent system Dꝰ terol. 

(em from evigin) The oxidation of the C-3 hydroxyl group was measured enzy- 
Al. Pregnene- 38, 160, 20a - triol (IIIa). 25-33 matically by the method of Hurlock and Talalay (6). A solu- 
A*-Pregnene-38,17a,20a-triol................. 37-43 tion of 0.065 umole of Ja in 0.1 ml of methanol was added to | 
Pregnane-3a,16a,20a-triol (IJa).............. 40-47 ml of 0.1 m sodium pyrophosphate buffer (pH 9.4 to 9.5), 1 ml 
A‘-Pregnene-3a,16a,20a-triol (Io) 43-50 of 1 u hydrazine hydrate, 0.1 ml of DPN solution (3 mg per ml), 
A‘-Pregnene-38,17a,208-triol.................. 50-55 and 0.8 ml of water. The optical density was taken at 340 my, 


* Whatman No. 1 paper (18 X 118 cm), equilibrated and chro- 
matographed at 24° for 30 hours. 


urine of a previously described patient by methods reported (9). 
The nonketonic fraction (1.95 g representing 3.6 days) was chro- 
matographed on 110 g of Celite 545 containing 110 ml of the 
lower phase of System A. Elution with 1000 ml of the upper 
phase afforded 527 mg of a mixture containing dihydroxyster- 
oids and less polar materials as judged by paper chromatog- 
raphy. The chromatogram was further developed by elution 
with 500 ml of the upper phase of System A, followed by 1500 
ml of the upper phase of System B. This yielded 519 mg of 
product judged by paper chromatography to be mainly trihy- 
droxysteroids. This mixture was separated into the g- steroid 
fraction” (108 mg) and the soluble “a-fraction” (421 mg) by 
means of digitonin (10). 

The “a-steroid fraction” was chromatographed on 80 g of 
silica gel containing 32 ml of ethanol. The column was devel- 
oped with 500 ml of 3% ethanol in methylene chloride. Elution 
with 4% ethanol in methylene chloride at a rate of 10 ml per 
30 minutes afforded 69 mg of material subsequently identified as 
A*-pregnene-3a , 16a ,20a-triol (Ja), 49 mg of pregnane-3a, 17a, - 
20a-triol, and 8 mg of pregnane-3a, 16a, 20a-triol (IIa), in order 
of their elution. 

The “8-fraction” was similarly chromatographed on 40 g of 
silica gel containing 16 ml of ethanol. Elution with 4% ethanol 
in methylene chloride yielded A‘-pregnene-38, 17a ,20a-triol 
followed by 12 mg of fractions containing A*-pregnene-38, 16a, - 
20a-triol (IIIa). Additional amounts of IIIa were accidentally 
lost. 
A“ Pregnene - 3a ,16a,20a -triol (Ia) — Crystallization from 
methanol of the fractions from the above silica gel column 
yielded 40 mg, m.p. 226.5-227°. Further recrystallization from 
ethanol afforded 34 mg of A*-pregnene-3a, 16a ,20a-triol (Ja), 
m. p. 230-231°; [a] 3° —88.9° (dioxane); 3280, 3200, 1672, 
and 938 cm-. 


Calculated: C 75.40, H 10.25 
Found: C 75.73, H 10.47 


and 0.005 ml of 3a-hydroxysteroid dehydrogenase containing 262 
units was added. The generation of DPNH was determined 
spectrophotometrically at 340 my. The oxidation of 0.065 
umole of Ja yielded 0.056 umole of DPNH in 2 minutes. A 
similar experiment made with 0.005 ml of 38-hydroxysteroid 
dehydrogenase containing 410 units afforded only 0.005 umole 
of DPNH within 2 minutes and 0.032 umole after 35 minutes. 
For comparison with a structurally similar compound, oxidation 
of 0.477 umole of the saturated pregnane-3a , 16a ,20a-triol (IIa) 
was carried out in the same way. With 3a-hydroxysteroid de- 
hydrogenase, 0.381 umole of DPNH was generated in 3 minutes 
and 0.455 umole in 60 minutes, whereas the reaction with the 
B-enzyme proceeded slowly to give 0.067 umole of DPNH in 3 
minutes and 0.368 umole in 60 minutes. It is known that our 
preparation of 38-hydroxysteroid dehydrogenase contained 3 
small amount of the 3a-enzyme. 

For a preparative oxidation, a solution of 1.224 mg of Ja in 5 
ml of ethanol was added dropwise to a solution of 10 ml of 0.1 
mM sodium pyrophosphate buffer (pH 9.4 to 9.5), 15 ml of DPN 
(40 mg), and 0.01 ml of 3a-hydroxy dehydrogenase solution con- 
taining 525 units of enzyme. After the mixture was allowed to 
stand for 15 minutes at room temperature, it was extracted 
with ethyl acetate. The organic extract was washed with 10% 
sodium chloride solution and dried, and the solvent was evapo- 
rated. The residue was dissolved in 1 ml of methanol, I ml of 
5% methanolic potassium hydroxide, and 0.1 ml of water. The 
alkaline mixture was allowed to stand at room temperature for 2 
hours and extracted with ethyl acetate. Chromatography of 
this reaction mixture on Whatman No. 1 paper in System C for 
5 hours gave two products which absorbed in the ultraviolet 
on paper. The polar compound (20 to 28 em from origin) had 
the mobility of a dihydroxyketone with an absorption maximum 
at 240 my in ethanol solution. The less polar compound (36 to 
42 cm from origin, solvent front 43 em) had the mobility of 3 
hydroxy diketone and also showed an absorption maximum at 
240 my in ethanol solution. 

A*-Pregnene-Sa,16a,20a-triol Triacetate (Ib)—With acetic 
anhydride and pyridine, 13 mg of A*-pregnene-3a, 16a , 20c-triol 
(Ja) afforded the triacetate (Jb). Crystallization from methanol 
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gave 15 mg of Ib, m. p. 136-138°; far —77.8° (chloroform); 
el, no hydroxyl absorption, 3010, 1739, 1670, 1247 (shoul- 
der), 1240, 1229 (shoulder), 1159, 1148, 1038, 1018, and 952 em-. 
A solution of 15 mg of the triacetate (Jb) in 10 ml of ethyl 
acetate and 2 drops of 72% perchloric acid was shaken in a hy- 
drogen atmosphere with 50 mg of platinum oxide at atmospheric 
pressure for 20 hours. Chromatography of the reduction prod- 
uct on alumina yielded 10.7 mg of material with an infrared 
spectrum identical with that of pregnane-3a, 16a ,20a-triol tri- 
acetate (IIb) in the regions 4000 to 2750 em- and 1800 to 650 
em in carbon disulfide and carbon tetrachloride solutions. 
Since the triacetate could not be obtained crystalline (2), it was 
saponified with methanolic potassium hydroxide solution to 
give 7.8 mg of pregnane-3a, 160, 20 - triol (IIa). Reerystalliaa- 
tion from 50% ethanol yielded IIa, m. p. 218.5220, reported 
m. p. 221-223 (2); the infrared spectrum in potassium bromide 
dispersion was identical with that of the authentic sample in 
the regions 4000 to 2750 em- and 1800 to 650 cmi. 
Pregnane- Sa, 16a ,20a-triol (IIa) The 8 mg of IIa obtained 
from the silica gel column was recrystallized from methanol to 
give 3 mg of pregnane- 3a, 16a ,20a-triol (IIa), m. p. 219.5-220°, 
reported m. p. 221-223° (2); the infrared spectrum was identical 
in potassium bromide dispersion with that of the authentic 
sample! in the regions 4000 to 2750 em- and 1800 to 650 em-. 
A*-Pregnene-38 ,16a,20a-triol (IIIa)—The 12 mg frac- 
tion from the silica gel column containing IIIa was chromato- 
graphed on Whatman No. 1 paper (18 Xx 118 em) with System D 
for 28 hours. Elution of the paper with chloroform in methanol 
afforded 6 mg of A*-pregnene-36 , 16a ,20a-triol (IIIa) as well as 
4 mg of A*-pregnene-38,17a,20a-triol. Acetylation of IIIa 
and chromatography on alumina yielded A*-pregnene-3@, 16a, - 
Ma-triol triacetate (IIIb), m.p. 175-176.5°, reported m. p. 
178.5-180° (3). The infrared spectrum was identical with that 
of an authentic sample of /77b' in the regions 4000 to 2750 em- 
and 1800 to 650 cm~ in carbon disulfide and carbon tetrachlo- 
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crystallization of A“ pregnene- 3a, 16a ,20a-triol (Ja) was acety- 
lated and chromatographed on alumina. In addition to 4, 
pregnene-3a , 16a,20a-triol triacetate (Ib), pregnane-3a,118,- 
20a-triol-3,20 diacetate and pregnane-3a,17a,208-triol-3 ,20 
diacetate were obtained. 


DISCUSSION 


Although many 3§8-hydroxy-A‘ steroids have been isolated 
from natural sources, to our knowledge there has been no earlier 
report of the natural occurrence of a 3a-hydroxy-A$ steroid. In 
addition to the A*3a-hydroxyl structure, the new metabolite, 
Ta, had a 16a-hydroxyl group which, in neutral steroids, is suffi- 
ciently rare to merit comment. Only a small number of 16-oxy- 
genated C2-steroids have been isolated from human urine. Al- 
lopregnane-38 , 16a ,208-triol (12, 13) and its 20a epimer (3, 14) 
have been found during pregnancy and pregnane-3a, 16a ,20a- 
triol and its 5a epimer have been recently isolated by Hirsch- 
mann (1) from human pregnancy urine. Neher, Meystre, and 
Wettstein (15) have isolated and characterized 3a, 16a-dihy- 
droxypregnane-20-one and its 5a epimer from the urine of pa- 
tients with the salt-losing type of congenital adrenal hyperplasia 
and have detected the steroids in other subjects, including nor- 
mal adults. A- Pregnene-38, 16a, 20a-triol was obtained from 
the urine of a boy with metastatic adrenal carcinoma (3) and 
from the urine of a normal man (4). It is perhaps noteworthy 
that all the compounds described contain only 3 atoms of oxy- 
gen which may indicate that the hydroxyl at C-16 prevents 
further major transformation in the steroid-producing tissue. 
This may have some significance in view of the profound altera- 
tion in biological activity occasioned by the introduction of a 
16a-hydroxy] group in the corticosteroids (16). 

That a similar inhibitory effect of the 16a-hydroxyl group 
may exist in the peripheral metabolism of these steroids is sug- 
gested from the results of this isolation study. The fact that a 
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3a-hydroxy-A° steroid with a 16a-hydroxyl group was present, 
whereas the analogous compound in the Cy series, 3a-hydroxy- 
A*-androstene-17-one, was apparently absent suggests that the 
l6a-hydroxy] function interfered in some manner with the 
normal transformation in vivo of a 38-hydroxy- A system. The 
inhibiting effect of the 16a-hydroxy group, among others, in the 
metabolism of synthetic corticoids has been recently reported 
(17). 

It seems reasonable in view of these considerations to suggest 
that the reactions outlined in Fig. 2 may represent part of the 
peripheral metabolism of the glandular secretory product lead- 
ing to the production of the unusual steroid described here. It 
is suggested that a major 16a-hydroxylated adrenal steroid of 
some patients with metastatic adrenal carcinoma is 38, 16a-di- 
hydroxy-A*-pregnene-20-one (JV). A portion of this by way of 
V may be converted to 16a-hydroxyprogesterone (III) which, 
from the results in pregnancy, might be the usual metabolic 
path. The biochemical anomaly, Ja, may arise from JV as a 
result of the overproduction of V and the inhibitory effect of 
the 16a-hydroxyl group on a A*-3-ketosteroid isomerase. This 
intermediate V would then be reduced at C-3 in the orientation 
usual for the saturated analogye of the pregnane series. 

As an alternative, it is possible that a structure in rings A and 
B, of which II is a model, may be intermediate in the transfor- 
mation of a 36-hydroxy-A‘ steroid such as dehydroisoandroster- 
one® to its principal 3a-hydroxy metabolites, androsterone and 
etiocholanolone. In this event, the rate-limiting step in the for- 
mation of the metabolite described in this study would be the 
reduction of the double bond in II. In either case, further 
study of these possibilities, particularly the influence of the 16a- 
hydroxyl group, on transformation of steroids in vivo, is clearly 
warranted. These studies are already in progress. 4 


Since A‘-pregnene-3a ,16a,20a-triol (Ja) was accompanied by 
its 38-hydroxy epimer IIIa as well as the saturated pregnane- 
3a, 16a ,20a-triol (IIa), the a-ketonic fraction was examined for 
the 3a-hydroxy epimer of dehydroisoandrosterone. The patient 
from whose urine the new steroid was isolated excreted elevated 
amounts of dehydroisoandrosterone as well as its metabolites; 
the daily values were dehydroisoandrosterone, 14.9 mg, androster- 
one, 4.6 mg, and etiocholanolone, 10.8 mg (9). Although there 


were some indications for the presence of the expected compound 
by paper chromatography, column partition chromatography 
failed to yield any product with an absorption spectrum charac- 
teristic of 3a-hydroxy-A‘-androstene-17-one. 
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SUMMARY 

A steroid found in the urine of a patient with adrenocortica] 
carcinoma was characterized as A*-pregnene-3a, 16a ,20a-trio| 
by chemical, enzymatic, and physical methods. It is the first 
description of the natural occurrence of a 3a-hydroxy-A*-steroid, 
Two other 16a-hydroxylated Cz-steroids were also isolated, 
namely, pregnane-3a,16a,20a-triol and A*-pregnene-38, 16a, 
20a-triol. The possible role of the 16a-hydroxyl group on the 
metabolism of A5-38-hydroxysteroids is discussed. 


Acknowledgments—We wish to express our appreciation to Dr 
T. F. Gallagher for his interest and support throughout this 
investigation and to Mrs. Beatrice 8. Gallagher for the deter. 
mination and interpretation of the infrared spectra. 
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The addition of small amounts of estradiol-178 stimulates 
oxygen consumption and the oxidation of certain substrates by 
tissue slices of human endometrium and placenta (3, 4). The 
estrogen sensitive reaction was shown to be mediated by an 
enzyme in the nonparticulate fraction of the cell (5) which 
carries out a transhydrogenation reaction (6, 7). Extensive in- 
vestigation and purification of this system have shown that 
this activity resides in a soluble pyridine nucleotide transhy- 
drogenase which is activated by concentrations of 10-* to 10-* N 
of estradiol or estrone and which is distinct from the placental 
estradiol dehydrogenases (8-10). Estrogen-dependent trans- 

activity has also been detected in human mam- 
mary gland (11, 12), human uterus,’ pregnant rat uterus,’ and 
hamster placenta.” 

The estrogen-dependent transhydrogenase, by promoting the 
transfer of hydrogen from TPNH to DPN could increase the 

rate of production of biologically useful energy in two ways. 
— because the concentration of TPN in the cell is very low, 
an increase in the rate of oxidation of TPNH could increase the 
availability of TPN for TPN-requiring dehydrogenases. Sec- 
ond, the transfer of hydrogen from TPNH to DPN and subse- 
quent oxidation of DPNH by the mitochondrial electron trans- 
fer system would lead to the production of more high energy 
phosphate per mole of TPNH oxidized than if the TPNH were 
to be oxidized directly by TPNH cytochrome e reductase. 
Direct oxidation of TPNH by the electron transfer system via 


_ TPNH cytochrome c reductase has been shown to yield little, 


if any, high energy phosphate (13, 14). The increased rate of 
production of biologically useful energy could stimulate growth 
in the estrogen target tissues (2). The concentration of TPNH 
in human placenta is greater than that of TPN and the DPN 
concentration is greater than that of DPNH (1), favoring hy- 
drogen transfer from TPNH to DPN. 

The studies reported here provide evidence of the physiologi- 
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cal significance of the estrogen- dependent pyridine nucleotide 
transhydrogenase in human term placenta in stimulating the 
synthesis of cell constituents. 


EXPERIMENTAL PROCEDURE 


Incubation Methods and Media—Human term placenta from 
normal spontaneous deliveries were obtained within 5 minutes 
of delivery. Small portions of the placenta were cut out and 
rinsed in cold isotonic saline. Slices weighing about 200 mg 
were cut, free-hand, from adjacent portions of placenta. Im- 
mediately, adjacent slices were incubated, one with and one 
without estradiol. A total of 3 to 6 pairs of slices were incu- 
bated from each placenta. Three media were used in the incu- 
bations: Krebs-Ringer phosphate, pH 7.4 (15); Krebs-Ringer 
bicarbonate, pH 7.4 (15); and a medium which has an ionic 
composition in millimoles per liter as follows: Na“, 100; K“, 40; 
Mg“, 10; Cl-, 100; and phosphate, 40, pH 69 or 7.0 (16). 
With Krebs-Ringer phosphate or with the modified phosphate 
medium, tissues were incubated in conventional Warburg ves- 
sels at 37° with 100% oxygen as the gas phase and with 0.2 ml 
of CO.-free 5% NaOH in the center wells. The substrates, 
dissolved in the same medium, were tipped in from the side 
arm after the period of gassing. The final volume was 3.0 ml 
and the incubation period was 1, 2, or 4 hours. 

Tissues to be incubated in Krebs-Ringer bicarbonate medium 
were placed in Erlenmeyer flasks and incubated with shaking 
at 37° with a gas phase of 95% oxygen and 5% CO: The 
volume was 3.0 ml and the incubation time was 2 hours. 

The radioactive substrates used were sodium acetate-2-C™, 
glycine-1-C™ and sodium pyruvate-2-C" purchased from the 
Nuclear-Chicago Corporation, and uniformly labeled leucine-C“ 
obtained from Schwarz Bio Research, Inc. Estradiol-179 (Sigma 
Chemical Company) was added in the form of an aqueous sus- 
pension to vessels containing one of each pair of slices to give a 
final concentration of 4 X 10-* M. The dry weight as a per- 
centage of wet weight was determined by drying duplicate un- 
incubated slices of each placenta for 2 hours at 105°. 

Isolation of Cell Constituents—At the completion of the incu- 
bations, the slices were homogenized in 4 ml of ice water con- 
taining 40 to 80 mg of the nonradioactive form of the labeled 
precursor used. The homogenates were transferred to centri- 
fuge tubes and the protein, lipid, and nucleic acid components 
precipitated with 2 ml of 30% trichloroacetic acid. The pre- 
cipitate was resuspended 4 times in 4 ml of 5% trichloroacetic 
acid. The total nucleic acids were subsequently extracted by 
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heating the precipitate in 5 ml of 5% trichloroacetic acid at 90° 
for 15 minutes (17). The lipid was then extracted by resus- 
pending the precipitate once in 5 ml of 95% ethanol and 3 times 
in 8 ml of 3:1 (volume for volume) ethanol-ether at 60° for 3 
minutes. 

Protein—The protein residues were dissolved in 1.0 ml of 85% 
formic acid plus 0.2 ml of 30% hydrogen peroxide and kept at 
room temperature for 30 minutes (18). The proteins were re- 
precipitated with 5 ml of 10% trichloroacetic acid, washed once 
with 4 ml of 5% trichloroacetic acid and 2 times with 2 ml of 
95% ethanol. The proteins were then suspended in an equal 
volume of 25% ethanol, and 2- to 5-mg portions were plated on 
tared stainless steel planchets (area of 1.54 cm’). 

Lipids— The combined ethanol and ethanol-ether extracts of 
each tissue sample were dried under a stream of 100% nitrogen. 
The residues were redissolved in 8 ml of 2:1 (volume for vol- 
ume) chloroform-methanol. The lipid solutions were washed 
according to the method of Folch et al. (19). The washed lipid 
solutions were dried in a stream of nitrogen at 60°. Possible 
protein-lipid complexes were disrupted by repeated drying at 
60° from a water-CHCl;-methanol emulsion (20). The residues 
were redissolved in 2:1 chloroform-methanol and filtered. The 
filtered solutions were again dried under nitrogen. The residues 
(1 to 4 mg) were plated with 2:1 chloroform-methanol on tared 
stainless steel planchets containing a disk of lens paper. 

Isolation of Adenine and Guanine from Total Nucleic Acid 
Fraction—The solutions of nucleic acid were extracted 3 times 
with an equal volume of ether to remove the bulk of the tri- 
chloroacetic acid and then dried by lyophilization. The resi- 
dues were transferred in 0.3 ml of 1 N HCl to glass tubes 8- X 
4-mm (inner diameter). The tubes were sealed (contents fro- 
zen) under vacuum and heated in a boiling water bath for 1 
hour. The hydrolysates were applied to 6- X 12-mm columns 
of Dowex 50-X8, 200 to 400 mesh, in the hydrogen form. The 
columns were eluted successively with 2 ml of 1 N HCl, 4 ml of 
water, and 6 ml of 6 N HCI (21). The 6 n HCl eluate, contain- 
ing the purines, was dried by lyophilization. The residue was 
transferred to Whatman No. 1 filter paper with 0.01 n HCl. 
The purines were separated by descending paper chromatog- 
raphy in 65% isopropanol containing 2 * HC] (22) for 50 to 60 
hours. The positions of adenine and guanine were determined 
by examination of the dried chromatogram under ultraviolet 
light. The adenine and guanine spots and appropriate blanks 
were cut from the chromatograms, and the purines were eluted 
by soaking the spots for 18 hours in 5 ml of 0.1 nN HCl. The 
quantities of adenine or guanine present were determined spec- 
trophotometrically with 10.6 X 10° as the molar extinction co- 
efficient for guanine at 250 my and 13.0 x 10° as that for ade- 
nine at 260 my (23). Corrections were made for the absorption 
of the appropriate chromatogram blanks. The solutions were 
dried by lyophilization, transferred quantitatively (20 to 70 ug) 
with 0.01 n HCl to aluminum planchets (area of 2.85 cm*) and 
counted at infinite thinness. 

The CO, was recovered from the center well by precipitations 
with BaCl, (16). The BaCO, was washed once with CO: free 


water and methanol and then transferred quantitatively to 


tared planchets for counting. 

To determine the specific activities of the radioactive sub- 
strates, portions of the solutions which had been added to the 
incubation vessels were diluted appropriately and aliquots 
plated and counted at infinite thinness. The observed counting 
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rates of all samples were corrected for background and self. ab. 
sorption. The self-absorption factors were calculated according 
to the method of Hendler (24) to a reference weight of 5 mg. 
The samples and backgrounds were counted long enough to ob. 
tain a probable error for the corrected sample count of les 
than 5%. 


RESULTS 


Acetate-2-C™ as Precursor—In one series of experiments, slices 
of human term placenta were incubated in Krebs-Ringer phos- 
phate with 1.7 mmoles of acetate-2-C for varying intervals of 
time. The metabolism of acetate-2-C™ by the slices from 2 
(Experiments 1 and 2) of the 3 placentae incubated for 4 hour 
(Table I) was significantly stimulated by estradiol. The rate of 
oxygen consumption for these 2 experiments combined was sig. 
nificantly increased (11%) as was the rate of conversion of 
acetate-2-C to CO, (27%). Estradiol significantly increased 
the rate of incorporation of acetate-2-C™ into protein (28%) and 
its incorporation into the adenine and guanine of the total 
nucleic acids (30 and 26%, respectively). The increased rate of 
incorporation of acetate-2-C™ into the lipid fraction (15%) in 
Experiment 1 is of borderline significance. 

In the third of the 4-hour incubations, the mean rate of oxy- 
gen consumption of the controls was distinctly higher than that 
observed in any other experiment with acetate as substrate. 
The control rate of conversion of acetate-2-C™ to carbon dioxide 
and the rate of incorporation of C™ into protein were twice as 
great as those of the other two 4-hour experiments. No effect 
of estradiol on the metabolism of acetate-2-C™ by the slices of 
this placenta was apparent. It would seem that some factor 
had previously stimulated the oxidative metabolism of this 
placenta to its full capacity. When the results from this pla- 
centa are averaged with those of Experiments 1 and 2, the effects 
of estradiol on the rate of incorporation of acetate-2-C" into 
protein and conversion to CO, continue to be statistically sig- 
nificant. The P value for the increase in the rate of oxygen 
consumption increases to a nonsignificant level. 

The combined results of five 2-hour incubations (Table II) 
demonstrate a highly significant stimulation by estradiol of the 
metabolism of acetate-2-C™. Highly significant increases oc- 
curred in the rates of oxygen consumption (9%), conversion of 
acetate-2-C to CO, (18%), and incorporation of acetate-2-C" 
into protein (17%) and lipid (13%). 

The 5 placentae incubated for 2 hours do not seem to have re- 
sponded equally to the addition of estradiol. In Experiment 3 
estradiol increased (P = 0.002) the incorporation of acetate-2-C" 
into protein 40%; in Experiment 4, no effect of estradiol on any 
of the variables measured was apparent. 

In the three 1-hour incubations (Table III), the conversion of 
acetate-2-C to CO, was significantly increased (25%) by 
estradiol. The increase in the incorporation of acetate-2-C" 
into lipid (9%) was of borderline significance. Neither oxygen 
consumption nor the incorporation of acetate-2-C™ into protein 
seems to have been influenced by estradiol in the combined 
results of these three 1-hour experiments. 

In the five 2-hour incubations, the rate of oxygen consumption 
had been significantly stimulated by estradiol during the first 
hour of incubation. The mean Qo,’s for the first hour were 2.10 
and 2.28 for the control and estradiol-treated slices, respectively, 
with a mean difference of +0.18 + 0.06 (P = 0.006). 

Regressions and Correlations in I cetate- g- C Data The results 
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TABLE I 
Effects of estradiol added in vitro on metabolism of acetate - - CM by slices of human placenta (4-hour incubations) 
Slices of term placenta were incubated in Krebs-Ringer phosphate (pH 7.4) with 1.7 mmoles of sodium acetate-2-C™ (180,000 c.p.m./ 


pmole) with or without estradiol at 4 X 10“ M. 


Control | Control | Control "Ear | ‘Ga hel | ‘trol 
moles acetale- 2- 
(ul Or/ al, wt/hr) c.p.m./mg protein c.p.m./mg lipid c. adenine guanine 
Experiment 1 1.78 1.97 1.83 2.31 | 1252 1620 | 578 663 | 11.5 14.7 | 11.7 14.5 
(5)* 
Experiment 2 (5) | 1.72 1.91 | 2.31 2.95 | 1010 1272 9.9 13.1 6.1 6.8 
Experiment 3 (5) 2. 68 2.64 | 5.13 5.58 | 2980 3118 
Total mean 2.06 2.17 3.28 3.81 | 1747 2003 | 578 663 
Difference +0.11 +0.53 +256 +85 
8.6. 40.06 40.24 +107 +32 
pe 0.08 0.05 0.03 0.06 
Mean of Experi- | 1.75 1.94 | 2.13 2.71 | 1131 1446 10.7 13.9 8.4 10.6 
ments 1 and 2 
Difference +0.19 +0.58 +315 +3.2 +2.2 
$.e. +0.06 40.17 493 +1.4 +0.7 
P 0.007 0.015 0.008 0.05 0.015 


«The number of pairs represented in each experiment is indicated in the parentheses. 


Standard error of mean difference. 


Probability that the observed difference occurred by chance, calculated from a paired t test. 


II 
Effects of estradiol added in vitro on metabolism of acetate-2-C™ by slices of human placenta 
(Two-hour incubations) 
Incubation conditions as in Table I. 
Control Estradiol | Control Estradiol | Control Estradiol! Control Estradiol 
Qoz — ¢.p.m./mg protein ¢.p.m./me lipid 
Experiment 1 (6)* 2.16 2.44 0.86 1.01 630 808 | 624 766 
Experiment 2 (5) 1.97 2.15 | 0.75 0.87 552 664 463 543 
Experiment 3 (5) 2.05 2.37 0.63 0.90 478 665 599 670 
Experiment 4 (6) 2.20 2.20 | 0.73 0.72 533 506 523 544 
Experiment 5 (6) 1.96 2.14 0.58 0.70 486 501 458 507 
Total mean 2.07 2.26 0.71 0.84 537 626 530 600 
Difference +0.19 +0.13 +89 +70 
8. e. 40. 06 40. 05 +27 +18 
Pe 0.003 0.01 0.002 0.001 


»The number of pairs represented in each experiment is indicated in the parentheses. 


Standard error of mean difference. 


Probability that the observed difference occurred by chance, calculated from a paired t test. 


from the 28 pairs of slices incubated with acetate-2-C™ for 2 
hours (Table II) were examined for correlations in the effects 
of estradiol on the several variables. Fig. 1 relates the individ- 
ual percentage differences between control and estradiol-treated 
slices of each pair in the rate of incorporation of acetate-2-C™ 
into lipid (A) and protein (C) and in the rate of conversion of 
acetate-2-C to CO, (B) to the percentage difference in the 
rate of oxygen consumption of the pairs. The correlation co- 
efficients for A, B and C are 0.654, 0.785, and 0.867, respectively. 
Tested against the null hypothesis that the population correla- 
enen is sero, these three correlations are highly dig. 
cant, with P < 0.001. 


The results from the 28 control slices incubated with acetate- 
2-C™ for 2 hours were also examined directly for correlations 
between the rate of oxygen consumption and the rates of in- 
corporation of acetate-2-C™ into protein and lipid and the rate 
of conversion of acetate-2-C" to C“O,. The data from the 28 
slices incubated with added estradiol were examined separately 
for the same correlations. The correlation coefficients (Table 
IV) show that these correlations are highly significant (P < 
0.001). The regression coefficients for the rate of conversion of 
acetate-2-C™ to CO, on the rate of oxygen consumption for the 
control and for the estradiol-treated slices are not significantly 
different. The same is true of the regression coefficients for the 
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III 
Effects of estradiol added in vitro on metabolism of acetate-2-C™ by 
slices of human placenta 
(One-hour incubations) 
Incubation conditions as in Table I. 


Control Control | diol | ‘trol dier 
pmoles of 
Qo. wes to c.p.m./mg c 
Experiment 1 (6) 2.01 2.08 O0. 087 0. 113 171 191 280 334 
Experiment 2 (6) | 1.86 1.76 | 0.110 0. 124 151 149 210 209 
Experiment 3 (6) 1.42 1.59 | 0.053 0.074 108 112 180 186 
Total mean 1.76 1.81 | 0.085 0. 106 143 150 223 243 
Difference ＋0. 05 ＋ 0.021 +7 +20 
S. e.“ 06 40.007 +8 +10 
Pe 0.01 0.06 


* The number of pairs represented in each experiment is indi- 
cated in the parentheses. 

o Standard error of mean difference. 

Probability that the observed difference occurred by chance, 
calculated from a paired ¢ test. 
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Fic. 1. Scatter diagrams of the percentage difference in vari- 
ous parameters between the control and estradiol-treated slices 
of pairs incubated for 2 hours with acetate-2-C™. Each dot repre- 
sents one of 27 (A) or 28 (B, C) pairs and is based upon the data 
summarized in Table 2. The dot, represented by © in each 
graph, represents the mean percentage difference of all pairs. 
The two straight lines in each graph are the regression lines. r= 
correlation coefficient. 
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TABLE IV 
Comparisons between control and estrudiol- treated slices of regression 
coefficients of various variables on rate of oxygen consumption 
in 2-hour incubations with acetate-2-C™ 
The calculations are based on the data summarized in Table 2 
Each control or estradiol group is composed of either 27 or 28 ob. 
servations. 


xe bx on Se? Pe 74 
Qo. c. pm. protein 
Control Control 392 + 53 0.826 
Estradiol Estradiol 573 + 71 0.05 0. 
Qo: c.p.m./mg li pid 
Control Control 264 + 69 0.610 
Estradiol Estradiol 377 + 77 0.3 0.697 
Qo. 0 
Control Control 0.615 + 0.079 0.836 
Estradiol Estradiol 0.822 + 0.099 | 0.1 0.853 


X and Y indicate the two variables. 

> by on y* Sp = regression coefficient of X on Y + standard 
deviation of the regression coefficient. 

¢ P = probability that the regression coefficients of the control 
and estradiol-treated slices are drawn from the same population. 

47 = correlation coefficient. 


incorporation of acetate-2-C™ into lipid on the rate of oxygen 
consumption. However, the regression coefficients for the rate 
of incorporation of acetate-2-C into protein on the rate of 
oxygen consumption for the control and estradiol-treated slices 
are significantly different at the 5% level. The estradiol-treated 
slices show a larger increment in the rate of incorporation of 
acetate-2-C™ into protein per unit increment in the rate of oxy- 
gen consumption than do the control slices. 

Other Radioactive Precursors—In other experiments, placental 
slices were incubated with 1.7 mmoles of glucose plus 1.7 mmoles 
of potassium pyruvate-2-C™ as substrates. No significant differ- 
ences were observed when estrogen was added (Table WV. Slices 
from three placentae were incubated with 5 mmoles of glucose 
plus 5 mmoles of glycine-1-C™ as substrates. In the first experi- 
ment the increased rate of oxygen consumption (16%) and the 
increased rate of incorporation of glycine-1-C™ into protein 
(26%) in the presence of estradiol did not quite achieve the 5% 
level of significance in the paired t test (Table VI). (The in- 
crease in the rate of incorporation of glycine-1-C™ into protein 
attains a P of 0.03 by the group ¢ test.) In the other two ex- 
periments, however, there was no significant effect of estradiol 
on any of the measured variables. 

Slices from one placenta were incubated with 5.5 mmoles of 
glucose plus 1.7 mmoles of uniformly labeled leucine-C™ and 
slices from three other placentae were incubated in 10 mmoles 
of sodium pyruvate, 10 mmoles of glucose and 10 mmoles of 
leueine-C . No significant effect of estradiol on protein syn- 
thesis was observed in any of these (Table VII), although the 
oxygen consumption in Experiment 1 was actually decreased. 
In all of the experiments with substrates other than acetate, 
unlabeled glucose was present in addition to the labeled pre- 
cursor. It is possible that this depresses the estrogen stimula- 
tion, perhaps by trapping in the hexokinase reaction the extra 
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Slices of term placenta were incubated for 4 hours in the modified phosphate medium (pH 6.9) with 1.7 mmoles of glucose and 1.7 


mmoles of potassium pyruvate-2-C™ (262,000 c.p.m./umole) with or without estradiol at 4 X 10 * M. 


Experiment 1 () | 1.11 | 1.14 | +0.03 251 | 280 | +29 238 | 209 | +61 

8. e.“ +35 425 
Pe 0.1 
Experiment 2 (4) | 1.31 | 1.23 | 0.08 | 1.05 | 0.90 | -0.15 346 273 73 372 | 337 235 
8.6. +0.05 +0.05 +29 428 
P 0.07 0.08 

Experiment 3 (4) 1.45 1.46 +0.01 1.09 1.05 —0.04 508 482 — 26 487 49.1 +4 
8.6. 40.09 40.05 +h +18 


The number of pairs represented in each experiment is indicated in the parentheses. 
> Standard error of mean difference. 
¢ Probability that the observed difference occurred by chance, calculated from a paired ¢ test. 


Slices of term placenta were incubated for 4 hours in Krebs-Ringer phosphate (pH 7.4) with 5 mmoles of glucose and 5 mmoles of 


TaBLe VI 
Effects of estradiol added in vitro on metabolism of glycine-1-C™ by slices of human placenta 


glycine- -1-C™ (163,000 c.p.m./umole) with and without estradiol at 4 X 10 M. 


| Pie Pater |G: Pager | | comma r conta | ie 
Qo, verted to c.p.m./mg protein c.p.m./mg lipid c. m. uu adenine c. f. m. guanine 

Experiment | 1.64 | 1.90 70. 26 0.55 * +0.03 | 685 | 866 |+181 269 | 265 | —4 25.1 27.2 ＋2.1 38.0 | 44.8 | +6.8 
1 (5)* 
8. e.“ 40.11 40.03 +74 +23 +4.1 +5.6 
Pe 0.07 0.07 
Experiment 1.25 | 1.19 |—0.06 | 0.29 | 0.31 |+0.02 | 528 | 470 | —58 
2 (5) 
8.e. +0.14 +0.03 +92 
Experiment | 1.70 | 1.72 |+0.02 | 0.48 | 0.51 |+0.03 1105 1114 +9 
3 (5) 
8.6. 40.09 40.04 468 


¢ The number of pairs represented in each experiment is indicated in the parentheses. 
Standard error of mean difference. 
Probability that the observed difference occurred by chance, calculated from a paired ¢ test. 


ATP presumably produced by the action of the stimulated pyri- 
dine nucleotide transhydrogenase. 


DISCUSSION 


The estrogen-induced increases in the synthesis of cell con- 
stituents observed in these experiments are small, ranging from 
10 to 30%. However, because increases in protein synthesis 
may be autocatalytic, a small increase could account for net 
increases in cell constituents after several hours. The placenta 
is already under the influence of endogenous estrogens, so that 
the changes observed on further addition of estradiol probably 
represent only a fraction of the total effect of estradiol on these 
metabolic activities. In Aizawa and Mueller’s (25) studies of 
uterine segments from ovariectomized rats, the addition of 
estradiol in vitro increased the incorporation of labeled inorganic 
phosphate into phosphatidyl ethanolamine by a similar magni- 
tude, 30 to 40%. 

The responses to estradiol observed support the hypothesis 


that estradiol stimulates the production of ATP by stimulating 
a pyridine nucleotide transhydrogenase and that the amount of 
ATP available limits the synthesis of cell constituents. The 
observed increase in the conversion of acetate-2-C“ to Ci. 
could be the consequence of an increased availability of TPN 
for the isocitric dehydrogenase reaction which had, in turn, 
resulted from an increased rate of transfer of hydrogen from 
TPNH to DPN via the estrogen-dependent transhydrogenase. 
The observed increase in oxygen consumption probably results 
from an increased activity in the electron transfer system, which 
reflects an increased rate of reduction of the pyridine nucleo- 
tides. These signs of a stimulation of oxidative metabolism 
suggest that the rate of production of ATP is increased. Con- 
comitant with the increase in oxidative metabolism is an increase 
in protein, lipid, and nucleic acid synthesis, which implies that 
these syntheses are stimulated by increases in the availability 


of ATP under the conditions employed. 


The slope of the regression line of the specific activity of the 
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TABLE VII 
Effect of estradiol added in vitro on labeling of protein in slices of 
human placenta incubated with leucine-U-C™ 

In Experiment 1 slices of term placenta were incubated for 2 
hours in the modified phosphate medium (pH 7.0) with 5.5 mmoles 
of glucose and 1.7 mmoles of leucine-U-C™ (59,000 e. p. m. /amole) 
with and without estradiol at 4 X 10 aM. In experiments 2, 3, 
and 4, slices of term placenta were incubated for 2 hours in Krebs- 
Ringer bicarbonate with 10 mmoles of sodium pyruvate, 10 mmoles 
of glucose and 10 mmoles of leucine-U-C"™ (3,800 c.p.m./umole) 
with and without estradiol at 4 X 10M. 


Difference Control | Difference 
Qo: c.p.m./mg protein 

Experiment 1 (3)*, 1.83 | 1.67 | —0.16 311 (254 —57 
8. e.“ 40.013 +26 
Pe 0.007 0. 15 
Experiment 2 (3) 28.7 34.3 45.6 
8. e. 41.8 
P 0.09 
Experiment 3 (6) 27.5 29.2 +1.7 
8.e. +1.7 
Experiment 4 (6) 32.5 27.2 —5.3 
8.e. 42.3 
P 0.07 


The number of pairs represented in each experiment is indi- 
cated in the parentheses. 

> Standard error of mean difference. 

¢ Probability that the observed difference occurred by chance, 
calculated from a paired ¢ test. 


isolated protein on the rate of oxygen consumption for the 28 
slices incubated for 2 hours with estradiol was shown to be 
significantly greater than the corresponding slope for the 28 
control slices. This may reflect a greater efficiency of oxidative 
phosphorylation in the presence of estradiol, rather than any 
direct effect of estradiol on protein synthesis. 

In the I-hour incubations, estradiol added in vitro caused a 
significant increase in the conversion of acetate-2-CI to CO, 
and an increase of borderline significance in the incorporation of 
acetate-2-C into the lipid fraction. The results suggest, how- 
ever, that the Krebs cycle and some aspect of lipid synthesis 
respond more readily to the influence of estradiol added in vitro 
during the first hour of incubation than do other metabolic 
reactions. Similarly, Mueller and co-workers found that a net 
accumulation of phospholipid was detectable in the rat uterus 
under estradiol stimulation in vivo long before there was a net 
accumulation of RNA and protein (25). 

The experiments with pyruvate-2-C™, glycine-1-C™, and leu- 
cine-U-C™ gave inconsistent results. Estradiol added in vitro 
seems to have increased the variables measured in some experi- 
ments, decreased them in others and had little or no effect in 
still others. A reasonable interpretation of the results is that 
the response of each placenta to estradiol added in vitro is an 
inverse function of its endogenous estrogen content. According 


to this view, a placenta which already contains a concentration 


which gives maximal stimulation of the estrogen-dependent 
transhydrogenase would not be stimulated by further addition 
of estradiol in vitro. The inhibition of certain metabolic func- 
tions caused by estradiol in several experiments could result 
from having increased the estrogen concentration to a level at 


Effects of Estradiol on Placenta 


Vol. 236, No. 12 


which the transhydrogenase is inhibited. The partially purified 
estrogen-dependent transhydrogenase is inhibited by concentra. 
tions of estradiol above 5 X 10 . Homogenates of human 
placenta, in contrast to slices, consistently show an increase in 
oxygen consumption with a variety of substrates in response to 
estradiol added in vitro. This fact is compatible with the hy. 
pothesis that even in placentae containing high endogenoys 
levels of estrogens, the concentration is sufficiently reduced in 
the preparation of the homogenate so that the stimulation of 
estrogen-sensitive reactions by subsequent addition of estradiol 
in vitro becomes possible. The concentration of endogenous 
estrogens in human term placenta does vary as shown by the 
data of Diczfalusy and Lindqvist (26) who observed several 
fold differences in the contents (per kilogram) of free“ estradiol, 
estrone, and estriol, measured chemically, in 30 term human 
placentae. Estimates of endogenous estrogens using an enzy- 
matic assay (27) confirmed these findings. 

One or a combination of the drugs administered to patients 
during labor could influence, directly or indirectly, the response 
of the placenta to the addition of estradiol in vitro. This might 
contribute to the variation in response observed. Chlorproma- 
zine, a drug frequently administered during labor, when present 
in vitro at 10-* M, was shown to cause a highly significant stimu- 
lation of oxygen consumption by homogenates of human term 
placenta.’ Estradiol alone causes a highly significant stimula- 
tion of oxygen consumption by homogenates, but the combina. 
tion of chlorpromazine plus estradiol caused no greater increase 
in the rate of oxygen consumption than chlorpromazine alone.“ 

The fact that the metabolism of placental slices incubated 
with acetate-2-C was more consistently stimulated by estradiol 
added in vitro than that of slices incubated with the other three 
radioactive precursors raises the question of whether or not the 
slices are more sensitive to added estradiol in the presence of 
acetate. Acetate might magnify the extent to which ATP 
limits the rate of synthetic reactions, perhaps because its activa- 
tion requires ATP. Alternatively, because glucose was added 
to the incubation medium with substrates other than acetate, 
the glucose might inhibit increases in biosynthetic reactions by 
trapping the ATP produced. 

In these studies incorporation of a precursor has been equated 
with synthesis. The specific activity of protein isolated from 
slices of placenta incubated for 4 hours with acetate-2-C" in the 
presence of 2 X 10-4 M puromycin, an inhibitor of protein syn- 
thesis, was less than 10% that of the specific activity of protein 
isolated from slices incubated in the absence of puromycin.’ 
The puromycin did not inhibit respiration or the incorporation 
of acetate-2-C™ into lipid. The fact that the incorporation of 
acetate-2-C™ into protein in the placental slice is inhibited by 
puromycin, which seems to inhibit the transfer of amino acids 
from soluble RNA to the microsomal acceptor (29), suggests 
that the incorporation of labeled carbon into protein observed 
in these experiments does occur by the same reactions which 
are currently ascribed to protein synthesis. 


SUMMARY 


Estradiol, added in vitro at a concentration of 4 X 10 
to slices of human term placenta incubated with acetate-2-C", 
significantly stimulated the rate of oxygen consumption, the 


P. B. Joel and C. A. Villee, unpublished observations. 
C. A. Villee and J. M. Spencer, unpublished observations. 
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conversion of the acetate-2-C" to CO; and the incorporation of 
acetate-2-C"™ into protein, lipid, and the adenine and guanine of 
the total nucleic acid fraction. This response to estradiol is 
consistent with the hypothesis that estradiol increases oxidative 
metabolism via its stimulation of the pyridine nucleotide trans- 
hydrogenase present in placenta and that the synthesis of cell 
constituents is limited by the rate of ATP production. 

Estradiol added in vitro to slices of human term placenta in- 
cubated with pyruvate-2-C™, glycine-1-C™, or uniformly-labeled 
leueine- Ci, produced inconsistent effects on the variables stud- 
ied. A reasonable interpretation of this variation is that the 
response of each placenta to estradiol added in vitro reflects pri- 
marily its endogenous level of estrogens. 
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Our interest in bile acids has led us to investigate the metabo- 
lism of cholanie acid, an unsubstituted acid possessing the same 
nuclear structure as the commonly occurring bile acids. Pre- 
liminary investigation by Sjévall and Akesson in 1955 (1) indi- 
cated that intraperitoneal administration of cholanic acid to the 
rat led to the excretion in the bile of compounds more polar than 
cholanic acid. These metabolites were not identified, nor have 
studies concerning the metabolic fate of cholanic acid subse- 


quently appeared. 

This report presents studies on the metabolism of cholanic 
acid-24-C™ in normal rats and rats with ligated or cannulated 
bile ducts. The distribution of radioactivity in the various ex- 
eretions was determined, and fractionation was conducted to as- 
certain the nature of the labeled metabolites. 


EXPERIMENTAL PROCEDURE! 


Synthesis of Cholanic Acid-24-C'—Deoxycholie acid-24-C™ 
was prepared according to the procedure of Bergstrém et al. (3) 
and Mahowald et al. (4). It was methylated with diazomethane 
and oxidized to the 3,12-diketone with chromic anhydride. 
The methyl dehydrodeoxycholate was hydrolyzed and then re- 
duced to cholanic acid (5): m. p., 165-166°; no depression on 


* Preliminary reports of the studies contained in this paper were 
presented at meetings of the Federation of American Societies for 
Experimental Biology at Chicago, Illinois, April 1960, and Atlantic 
City, New Jersey, April 1961. 

This investigation was supported in part by training grant 
2G-446, from the Division of General Medical Sciences, United 
States Public Health Service, and training grant CRTY-5072, 
from the National Cancer Institute, United States Public Health 
Service. 

In accordance with the recent recommendations of the Inter- 
national Union of Pure and Applied Chemistry, the following sys- 
tematic names are given for the bile acids referred to in this report: 
cholanic acid, 58-cholanic acid; lithocholic acid, 3a-hydroxy-5,- 
cholanic acid; 7a-hydroxycholanic acid, 7a-hydroxy-58-cholanic 
acid; chenodeo vcholie acid, 3a,7a-dihydroxy-58-cholanic acid; 
deoxycholic acid, 3a ,12a-dihydroxy-58-cholanic acid; a-muricholic 
acid, 3a, G8, 7a-trihydroxy-58-cholanic acid; 8-muricholic acid, 
3a ,68 ,78-trihydroxy-58-cholanic acid; and cholic acid, 3a,7a,12a- 
trihydroxy-58-cholanic acid. 

1 All melting point determinations were taken on the Fisher- 
Johns apparatus and are reported as read. Radioactivity was 
measured with a Packard Tri-Carb liquid scintillation counter. 
A scintillator mixture of 3.0 g of 2,5-diphenyloxazole and 0.3 g 
of 1,4-bis-2’(5’-phenyloxazolyl)benzene per liter of toluene was 
used for nonaqueous solvents. For aqueous solutions the liquid 
scintillator of Kinard (2) was used. Benzoic acid-7-C™ was used 
as an internal standard. 


admixture with authentic cholanic acid; specific activity, 2.55 X 
10° d. p. m. per mg. 

Metabolic Studies—Approximately 0.7 mg (1.54 X 108 d. p. m. 
per mg) of the acid as its sodium salt was administered intra. 
peritoneally to normal male rats, rats with bile fistulas, and rats 
with ligated bile ducts. Surgically prepared animals were given 
a 24-hour postoperative recovery period before administration 
of the labeled acid. The distribution of CM in the excreta is 
presented in Fig. 1. The route and rate of excretion were affee. 
ted by the type of experimental animal used. Only trace 
amounts of Ci were excreted by any other than the major path. 
way. 

Fractionation of Bilary Redicactivity 

After the addition of KOH to a final concentration of 5%, 
samples of pooled bile from each animal were autoclaved for 3} 
hours and treated as previously described by Mahowald et dl. 
(4). The final ether extracts containing an average of 86% of 
the administered radioactivity were chromatographed on 4 
Celite partition column.“ A representative chromatogram is 
shown in Fig. 2. Several principal zones of radioactivity were 
observed: Fraction 0-1, in which cholanie and monohydroyy- 
cholanic acids are found; Fractions 20-4, 40-1, and 40-2, in 
which dihydroxycholanic acids occur; and Fractions 60-2 to 
80-4, in which trihydroxycholanic acids are found. 

Identification of Chenodeoxycholic Acid as Metabolite of Cholanie 
Acid—Fractions 20-4, 40-1, and 40-2 (Fig. 2) were combined, 
and one-tenth of the total was taken for isotopic dilution with 
authentic chenodeoxycholic acid. The remaining solution was 


2 Authentic unlabeled cholanic acid was prepared by the above 
procedure; physical constants agreed with reported values (6). 
Since there is marked variation in the reported ultraviolet ab- 
sorption of cholanic acid in concentrated sulfuric acid (7, 8), the 
absorption of several preparations of cholanic acid was deter- 
mined after treatment with concentrated sulfuric acid (Mallinek- 
rodt’s analytical reagent, no. 2876) at room temperature for 2 
hours at concentrations approximating 20 ug per ml. A sample 
was purified by chromatography on a reversed phase column, de- 
scribed later in the text and by several crystallizations from 
aqueous acetic acid; after drying in a vacuum, it had an E}'tn 5 
at Xx 315 mu. Several experiments designed to eliminate certain 


conceivable impurities did not change the extinction coefficient 


significantly. The purified radioactive cholanic acid gave Ei t N. 
3 The column was prepared (9), and fractions were designa 
according to the percentage of benzene in Skellysol ve B. For ex- 

ample, 20-1 is the first fraction of the eluent containing 20% ben- 
zene in Skellysolve B. Similar chromatograms are shown in 
Figs. 4 and 7. 
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Fic. 1. Average daily excretion of C by the principal excre- 
tory route. The heights of the bars indicate the percentages of 
the administered dose recovered. NC represents normal animals; 
BF, animals with bile fistulas; and DL, animals with ligated bile 
ducts. The number of animals used is given in parentheses. 
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Fic. 2. Chromatographic analysis of the free bile acids obtained 
from the bile of one animal (rat IPBFC) collected during the first 2 
days after administration of cholanic acid-24-C". The heights of 
the open bars from the baseline indicate amount of eluted solids. 
The heights of the black bars from the baseline indicate the per- 
centage of the chromatographed C eluted. The composition of 
the eluate is given as the percentage of benzene in Skellysolve B, 
and the volume is given in liters (see the text, footnote 3). 


used for isolation of chenodeoxycholic acid.“ Since the methyl 
esters of most dihydroxycholanic acids can be separated by chro- 
matography, both samples were methylated and chromato- 
graphed on the Celite partition column. Fractions 0-4 and 20-1 
contained most of the methyl ester and 58% of the chromato- 
graphed C“. After acetylation to the diacetate of methyl cheno- 
deoxycholate, both diluted and undiluted samples were chro- 
matographed on silica gel with Skellysolve B with increasing 
concentrations of ether as eluents (10). The radioactive ester 
was eluted with 20% ether-80% Skellysolve B in four major 
fractions containing approximately 90% of the chromatographed 
C (Fig. 3). The residues of these fractions were combined and 
crystallized to constant specific activity (Table I). By calcula- 
tion, 33.6 mg of chenodeoxycholic acid were present in the origi- 


‘Isotopic dilution was used throughout this investigation as a 
means of identifying metabolites. Isolation of a metabolite was 
also carried out if enough naturally occurring material was pres- 
ent. In experiments in which both dilution and isolation of a 
compound were performed, the amount of metabolite present was 
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nal fractions; this contains 6% of the chromatographed Ci (Fig. 
2). 

Identification of B-Muricholic Acid as Metabolite of Cholanic 
Acid—Fractions 60-2, 60-3, 60-4, and 80-1 (Fig. 2) were com- 
bined, and one-tenth of the total was taken for isotopic dilution 
with authentic 8-muricholic acid. Again, the remaining solution 
was used for isolation. Both samples were acetylated and the 
products chromatographed on the Celite partition column. 
The chromatogram of the undiluted sample is shown in Fig. 4. 
Fractions 0-2, 0-3, and 0-4, in which authentic 8-muricholic acid 
triacetate is eluted, contained 60% of the chromatographed 
radioactivity. The residues were combined, hydrolyzed, and 
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Fid. 3. Chromatography of diacetate of methyl chenodeoxy- 
cholate on a column of silica gel. The heights of the open bars 
from the baseline indicate amount of eluted solids. The heights 
of the black bars from the baseline indicate the percentage of the 
chromatographed CM eluted. The composition of the eluate is 
given as the percentage of diethyl ether in Skellysolve B, and the 
volume is given in liters. 


TABLE I 
Identification of chenodeorycholic acid in bile 
lizations . 
E 
ms 
By isotopic dilution* 
Methyl ester diacetatef 
Methanol + HO. 2 25.3 2.71 
Methanol + HO. 2 17.1 2.54 
Free acid 
Ethyl acetate + petro- 
leum ether.............. 2 3.2 2.48 
By isolation 
Methyl ester diacetatet 
Methanol + HO. 2 25.4 2.69 
Methanol + H Oo 2 18.6 2.48 
Free acid 
Ethyl acetate + 
leum ether. . 2 8.0 2.38 


* Chenodeoxycholic acid, 29.727 mg, was added to 4.9 mg con- 
taining 2.38 X 10 d.p.m. to give an original specific activity of 
6.88 X 1004. 

t The specific activities given for methyl chenodeoxycholate 
diacetate have been corrected on a molar basis to the free acid. 
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chromatographed. The free acid appeared in Fractions 60-3 


and 60-4; it was crystallized to constant specific activity as 
shown in Table II. By calculation, 8.4 mg of 8-muricholic 
acid were present in the original fractions; this contains 13% of 
the chromatographed C (Fig. 2). 

Identification of a-Muricholic Acid as Metabolite of Cholanic 
Acid—Fractions 80-2, 80-3, and 80-4 (Fig. 2) were combined 
and one-tenth of the total was diluted with authentic a-muri- 
cholic acid. The remaining solution was used for isolation. 
Both samples were acetylated and chromatographed. Most of 
the C™ was eluted in Fractions 20-1 to 20-4, whereas the triace- 
tate of a-muricholic acid and a small amount of radioactivity 
were eluted in Fractions 0-3 and 0-4. On rechromatography of 
the residues of Fractions 0-3 to 20-1, the Ci remained with the 
triacetate; after hydrolysis, the free acid was crystallized to con- 
stant specific activity (Table III). By calculation, 12.4 mg of 
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Fic. 4. Chromatography of the acetylated residues from Frac- 
tions 60-2 to 80-1. The heights of the open bars from the baséline 
indicate amount of eluted solids. The heights of the black bars 
from the baseline indicate the percentage of the CM eluted. Frac- 
tions 20-3 and 20-4 were collected together. Only two fractions of 
40% and 80% benzene were collected with 60% benzene being 
omitted. The composition of the eluate is given as the percent- 
age of benzene in Skellysolve B, and the volume is given in liters 
(see the text, footnote 3). 


TABLE II 
Identification of - muricholic acid in bile 


Specific activity 
Solvent — Amount 
lizations D. p. m. per D. p. m. per 
mg X 107? mg X 10 
mg 
By isotopic dilution* 
Free acid 
Methanol + H,O......... 2 18.6 6.09 
Acetone + petroleum 
2 14.3 5.82 
1 5.4 6.03 
By isolation 
Free acid 
Acetone + petroleum 
Z 2 2.6 2.22 
Methanol + H:- 0 1 2.0 2.20 


* B-Muricholic acid, 29.737 mg, was added to 6.0 mg containing 
2.90 X 10‘ d. p. m. to give an original specific activity of 8. 13 X 102. 
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TaBLE III 
Identification of a-muricholic acid in bile 
No. of — 
Solven crystal- Amount 
lizations D. 
mg 
By isotopic dilution* 
Free acid 
Acetic acid + H:) 2 11.6 
Acetone + petroleum 
1 7.9 1.29 
Acetone + petroleum 
1 5.6 1.22 
By isolation 
Free acid 
Acetic acid + H. 2 8.3 
Acetone + petroleum 
C 1 5.5 2.78 
Acetone petroleum 
r 2 4.1 2.88 


* a-Muricholic acid, 26.680 mg, was added to 9.8 mg containing 
2.49 X 10‘ d.p.m. to give an original specific activity of 6.92 x 10. 
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Fic. 5. Chromatography of Fraction 0-1 on a reversed phase 
column. The heights of the open bars from the baseline indicate 
amount of eluted solids. The heights of the black bars from the 
baseline indicate the percentage of the C eluted. The stationary 
phase was n-heptane-chloroform (1:1), and the column was de- 
veloped with 80% aqueous methanol. Successive fractions are 
plotted from left to right. 


a-muricholic acid were present in the original fractions; this 
contains 2.5% of the chromatographed Ci (Fig. 2). 

Separation of Metabolites Contained in Fraction 0-1—This frac- 
tion containing approximately 30% of the C (Fig. 2) was chro- 
matographed on a reversed phase partition column similar to 
that described by Bergström and Sjévall (11). The stationary 
phase was n-heptane-chloroform (1:1), and the column was de- 
veloped with 80% aqueous methanol collected in 10 ml fractions 
(Fig. 5). Two zones of elution of radioactivity were noted: the 
first, in which monohydroxycholanic acids are found, and the 
second, which may contain cholanic acid. The latter zone con- 
tained approximately 5% of the Ci“ (Fig. 2). 

The first four fractions shown in Fig. 5 were combined, diluted 
with authentic lithocholic acid, methylated, and chromato- 
graphed on the same type of column. Three zones of radioactiv- 
ity were observed, and the first zone contained methyl litho- 
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Fic. 6. Chromatography of methyl esters on a reversed phase 
column. The heights of the open bars from the baseline indicate 
amount of eluted solids. The heights of the black bars from the 
baseline indicate the percentage of the C eluted. The stationary 

was n-heptane-chloroform (1:1), and the column was de- 
veloped with 80% aqueous . Successive fractions are 


plotted from left to right. 
TABLE IV 
Identification of 7a-hydrozycholanic acid in bile* 
No. of cry-| Amount Speci — 
stallizations | 
me 
Methyl ester 
Methanol + H,O.......... 2 43.5 5.02 
Methanol + Ho. 3 35.0 5.12 
p-Phenylphenaeyl estert 
Benzene + petroleum 
r 2 12.7 4.86 
Benzene + petroleum 
r 1 6.0 4.86 


* 7a-Hydroxycholanic acid, 62.060 mg, was added to 3.60 X 10 
d.p.m. to give an original specific activity of 5.80 X 102. 

t The specific activities given for the p-phenylphenacy] ester 
have been corrected on a molar basis to the methyl ester. 
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Fig. 7. Chromatographic analysis of the free bile acids obtained 
from the urine of one animal (rat IPDLB) collected during the first 
4 days after administration of cholanic acid-24-C". The heights 
of the open bars from the baseline indicate amount of eluted solids. 
The heights of the black bars from the baseline indicate the per- 
centage of the chromatographed Ci eluted. The composition of 
the eluate is given as the percentage of benzene in Skellysolve B, 
and the volume is given in liters (see the text, footnote 3). 
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TaBLe V 
Identification of B-muricholic acid in urine 
Solvent ama Amount 
lizations . 
me 
By isotopic dilution* 
Free acid 
Methanol + HO 2 30.6 | 8.46 
Acetone + petroleum 
da 2 19.1 8.19 
Methyl ester 
Ether petroleum ether 2 11.6 | 8.02 
By isolation 
Free acid 
Methanol + HO.. 3 25.9 7.06 
Acetone + petroleum 
2 19.1 6.80 
Methyl ester f 
Ether petroleum ether 2 5.3 7.16 


* 8-Muricholic acid, 39.700 mg, was added to 8.8 mg containing 
5.07 X 10‘ d.p.m. to give an original specific activity of 1.04 < 10°. 

t The specific activity given for the methyl ester has been cor- 
rected on a molar basis to the free acid. 


cholate. The ester could not be crystallized to constant specific 
activity, and the final determination showed that less than 1% 
of the chromatographed C could be present in lithocholie acid 
(Fig. 2). 

Identification of 7a-Hydrorycholanic Acid as a Metabolite of 
Cholanic Acid—Because of the complex nature of Fraction 0-1, 
a study of the chromatographic behavior of several authentic 
compounds was undertaken.’ The information obtained led to 
the tentative identification of radioactive 7a-hydroxycholanic 
acid by isotopic dilution. For more adequate identification, 
additional data were obtained from the bile of a second animal. 
Any cholanic acid was removed from Fraction 0-1 by chromatog- 
raphy, as previously described. The fractions containing acids 
more polar than cholanic acid were methylated and chromato- 
graphed (Fig. 6). The Ci in the second zone (Fractions 5 to 9) 
was diluted with authentic methyl 7a-hydroxycholanate® and, 
on chromatography, most of the CM was eluted with the ester. 
After several crystallizations the methyl ester was hydrolyzed 
and converted to the p-phenylphenacyl ester. The product was 
chromatographed and crystallized to constant specific activity. 
The data for the methyl and p-phenylphenacy] esters are given 
in Table IV. Approximately 5% of the original chromato- 

o Elaborate studies of bile acids with one oxygen function on 
the nucleus and their methyl esters were conducted. Acids which 
appeared in Fraction 0-1 could be separated after conversion to 
methyl esters. Results of these studies are to be the subject of a 
future communication. 

* We wish to express our thanks to Mr. Edwin J. Cunningham 
for the preparation of the 7a-hydroxycholanic acid from cholic 
acid (12, 13): m.p., 96-98°; methyl ester (14), 78-79°. The p- 
phenylphenacyl ester was prepared and crystallized from benzene 
and petroleum ether; m.p., 147.5-148.5°. 

Calculated: C 79.96, H 8.83 


Found: C 79.88, H 8.59 
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graphed radioactivity from the second animal was found to be The identification of 7a-hydroxycholanic acid and chenodeosy. 


present in 7a-hydroxycholanic acid. 
Fractionation of Urinary Radioactivity 

The pooled urine from each jaundiced animal was acidified to 
pH 1 and extracted with butanol. After removal of the butanol, 
the residue was subjected to alkaline hydrolysis, the solution 
was acidified, and the free acids were obtained by ether extrac- 
tion. The residue, containing an average of 55% of the admin- 
istered radioactivity, was chromatographed on the Celite parti- 
tion column. The chromatogram shown in Fig. 7 differs from 
that obtained from bile in that more Ci was eluted in Fractions 
60-3 and 60-4 and less in Fraction 0-1. 

Identification of B-Muricholic Acid as Metabolite of Cholanic 
Acid—Fractions 60-3, 60-4 and 80-1 (Fig. 7) were combined 
and treated as described for identification of 8-muricholic acid 
from bile. The specific activities are shown in Table V. By 
calculation, 52.8 mg of 8-muricholic acid were present in the 
original fractions; this contains 37% of the chromatographed 
C™ (Fig. 7). 


DISCUSSION 


In our preliminary experiments, intragastric administration 
of cholanic acid-24-C™ as the sodium salt in aqueous ethanol to 
normal rats and rats with ligated or cannulated bile ducts re- 
sulted in the recovery of most of the administered Ci“ in the 
feces of each type of animal used. Since absorption under these 
conditions was very limited, intraperitoneal administration (1) 
was used throughout subsequent experiments. Cholanic acid 
was essentially completely absorbed; the pathways of elimination 
and rates of excretion of Ci were similar to those of the labeled 
bile acids previously studied (4, 15, 16). In rats with cannulated 
bile ducts, cholanic acid was more completely metabolized than 
these other acids. 

In previous studies a- and 8-muricholic acids were identified 
as metabolites of chenodeoxycholic acid in the rat (4). In the 
present study, all three acids were identified as metabolites of 
cholanic acid; however, the amount of radioactive 6-muricholic 
acid greatly exceeded that which could have come from the 
chenodeoxycholic acid formed. The relative amounts of Ci in 
chenodeoxycholic acid, 8-muricholic acid, and a-muricholic 
acid in bile after the administration of chenodeoxycholic acid- 
24-C™ were 11:3:4, respectively. This is in marked disagree- 
ment with the ratio of C present in the respective acids in this 
study (10:24:5). These data suggest that most of the radioac- 
tive B-muricholic acid obtained after the administration of 
cholanic acid-24-C"™ was produced by a pathway other than that 
through chenodeoxycholic acid. 

These experiments give further evidence of the ability of the 
rat to hydroxylate the bile acid nucleus in positions 6 and 7; in 
addition, hydroxylation at carbon 3 has been demonstrated. 


cholic acid and the absence of lithocholic (3a-hydroxycholanie) 
acid suggest that hydroxylation of cholanic acid may be initiated 
at position 7. Accordingly, a study of the metabolism of 7a. 


hydroxycholaniec acid is desirable to ascertain whether it is an | 


end product or intermediate product in the metabolism of cho. 
lanic acid. 


SUMMARY 


The distribution of C and the nature of the labeled metabo. 
lites were investigated after intraperitoneal administration of 
cholanic acid-24-C™ acid to normal rats and rats with ligated or 
cannulated bile ducts. Most of the administered C™ was ey. 
creted in the feces of the normal animals. B-Muricholie acid 
was isolated as a labeled metabolite from the urine of the animals 
with ligated bile ducts. From bile, 7a-hydroxycholanie acid, 
chenodeoxycholic acid, and a- and g- muricholie acids were 
identified as labeled metabolites. Since 3a-hydroxycholanic 
acid was not detected and 7a-hydroxycholanic acid was posi- 
tively identified, it is suggested that the metabolism of cholanic 
acid is initiated by hydroxylation at carbon 7. 
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Thyroxine and triiodothyronine are transported in the blood 
as noncovalent complexes with certain serum proteins. This 
has been shown by many investigators and was the subject of 
an extensive recent review by Robbins and Rall (1). The bind- 
ing proteins are an a-globulin (called thyroxine-binding globu- 
lin), a prealbumin, and serum albumin. The first appears to be 
the most significant binder of the thyroxine normally present 
under physiological conditions. Of these three, only albumin is 
presently available in a state of reasonable purity, and for this 
reason we have studied the binding of thyroxine by this protein. 
The present paper presents our findings with regard to the in- 
tensity and the optimal conditions for this interaction. 

The measurements of the binding are based on the observa- 
tion by Klebanoff (2) that thyroxine has a stimulatory effect on 
the oxidation of reduced diphosphopyridine nucleotide by hy- 
drogen peroxide in the presence of peroxidase. This stimula- 
tory effect is obliterated by albumin, and it will be shown that 
this is a quantitative measure of thyroxine binding by albumin. 
This is in agreement with the preliminary observation by Kle- 
banoff that plasma proteins can inhibit the thyroxine-potentiated 
oxidation of diphosphopyridine nucleotide by the peroxidase 
system, although an ultrafiltrable inhibitor was found to be 
present as well. 


EXPERIMENTAL PROCEDURE 


Methods—The rate of oxidation of DPNH to DPN was deter- 
mined by the decrease in optical density of a 1 cm depth of the 
reaction mixture at 340 my in a Beckman model DU spectro- 
photometer at room temperature. The blank contained only 
the buffer used in the reaction cell. Volumes of 0.1 ml or less 
were measured in calibrated micropipets of the Linderstrgm- 
Lang-Holter type.“ Thyroxine was dissolved in 0.155 M sodium 
hydroxide, and microliter quantities of this solution (0.010 m in 
thyroxine) were added to the various buffered solutions. The 
effect of this amount of base on the pH was negligible. 

The pH was measured in a Beckman model G pH meter. 
Unless the effect of pH was under study, all experiments were 
performed at pH 7.35. Appropriate mixtures of only NaH,PO, 
and Na, HPO. were used to prepare buffers between pH 5.4 and 
8.6. Phosphate was selected because it is a good buffer in the 
physiological range and because phosphate has been shown to 
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(A-4030) from the National Institute of Arthritis and Metabolic 
Diseases of the United States Public Health Service. 
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cause minimal interference in the binding of small molecules by 
albumin (3). At pH 5.37 and below, acetate buffers were used. 
With the exception of those instances in which the effect of ionic 
strength was under investigation, the reaction mixtures were of 
0.155 ionic strength, so as to approximate the ionic strength of 
physiological fluids. Buffer solution of ionic strength 0.233 
(2.0 ml) was placed in the spectrophotometer cuvette. The 
other reactants, except for the minute amount of thyroxine in 
NaOH as noted above, were dissolved in water and added to 
the buffer. The final volume was brought to 3.0 ml with water 
to give an ionic strength of 0.155. 

Protein concentration was determined by the biuret method 
(4), which was calibrated by means of Kjeldahl determinations. 
Albumin, in the presence of other proteins, was measured by the 
method of Bracken and Klotz (5). 

Materials—Horse-radish peroxidase (lot No. P 60B-213; 68 
purpurogallin units per mg), DPNH, and the sodium salt of 
L-thyroxine were purchased from the Sigma Chemical Company. 
The human serum albumin was the crystallized Pentex product 
(lot No. 45F04). It was shown by electrophoresis at pH 8.6 to 
be free from globulins, and showed the expected heterogeneity 
on electrophoresis at pH 4.7. A molecular weight of 69,000 was 
assumed for the albumin. 

The crystallized bovine serum albumin and the Cohn frac- 
tions were purchased from Pentex, Inc. The normal human 
plasma was obtained through the courtesy of Dr. Elias Cohen 
and the Roswell Park Memorial Institute blood bank. Poly- 
vinylpyrrolidone was purchased from the Oxford Laboratories. 


RESULTS AND CONCLUSIONS 


Conditions for Binding—Fig. 1 describes an experiment de- 
signed to demonstrate the binding of I-thyroxine to human al- 
bumin. The addition of 0.05 umole of L-thyroxine to the per- 
oxidase system caused an immediate decrease in optical density 
at a rate of 0.320 optical density unit per minute (solid circles, 
Fig. 1). When 0.04 umole of albumin was added to such a re- 
action mixture before all the DPNH was oxidized, (open circles, 
Fig. 1), the rate of reaction immediately decreased to 0.019 
optical density unit per minute. This slope was identical with 
the one observed when the same amounts of L-thyroxine and 
albumin were mixed beforehand and added to the reaction mix- 
ture (solid sqguares, Fig. 1). These results indicate that the 
binding of thyroxine by albumin is instantaneous, and that the 
order of addition of thyroxine and albumin is of no consequence. 
The fact that the slopes were identical also indicated that the 
concentration of unbound thyroxine was the same in both cases. 
As will be shown below, the slope of the curve is a direct meas- 
ure of the amount of unbound t-thyroxine. In the presence of 
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OPTICAL DENSITY AT 340 my 


TIME (minutes) 


Fic. 1. Effect of human albumin on the thyroxine-potentiated 
oxidation of DPNH. All reaction mixtures contained 2.0 ml of 
phosphate buffer, pH 7.35, ionic strength 0.233; 10 moles of H:0, 
in 0.1 ml of water; and 0.40 wmole of DPNH in 0.1 ml of water and 
enough water (added before the peroxidase) to make the total 
volume 3.0 ml after the last addition. The timer was started, 
and readings were taken at 30-second intervals. At 2 minutes, 
0.1 mg of horse-radish peroxidase in 0.1 ml of water was added 
to each cuvette. At 4 minutes, the following materials were 
added: @——@, 0.05 umole of thyroxine in 0.005 ml of 0.005 * 
NaOH; — . a mixture of 0.05 umole of thyroxine in 0.005 ml 
of 0.155 m NaOH plus 0.049 umole of albumin in 0.1 ml of water; 
O——O, 0.05 umole of thyroxine in 0.005 ml of 0.155 M NaOH fol- 
lowed by 0.049 umole of albumin in 0.1 ml of water at 6} minutes; 
, no further additions. 
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Fic. 2. Effect of thyroxine concentration on the DPNH oxida- 
tion at pH 7.35. A, the result when different quantities (the 
numbers next to the curves indicate micromoles of L-thyroxine 
added) of thyroxine are added to the mixtures of buffer, H,O., 
DPNH, and peroxidase indicated in Fig. 1. B, the data from A 
yield a linear calibration curve. 
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peroxidase only (open squares, Fig. 1) the slope was found to be 
0.0035 optical density unit per minute. The fact that in the 
presence of albumin, the rate was 5.5 times faster (0.019 rern 
0.0035 optical density unit per minute) indicated that some of 
the L-thyroxine was not bound by the added amount of albumin, 
It has thus been demonstrated that albumin, by binding 1, 
thyroxine, can slow down the rate of reaction, and that this 
effect is identical in magnitude whatever the order of addition 
of albumin and L-thyroxine. 

Quantitative Determination of L-Thyroxine Binding at pH 7.3 
At was shown by Klebanoff that the increase of the rate of the 
peroxidase reaction was directly proportional to the L-thyroxine 
concentration. We have repeated his experiment at pH 7,35 
and an ionic strength of 0.155 and have also observed a linear 
relationship (Fig. 2). Thus, Fig. 2B may be used as a calibra. 
tion curve for the determination of the concentration of free 
L-thyroxinein solutions of pH 7.35 phosphate buffer, ionic strength 
of 0.155. The observations illustrated in Fig. 1 were therefore 
extended as shown in Fig. 3. Here, various amounts of human 
albumin were added to L-thyroxine in the assay mixture, and 
the decrease in the rate of the reaction was observed. The 
picture obtained was similar to Fig. 2A in which the effect of 
varying the amount of L-thyroxine alone was observed. Since 
the rate of the reaction is proportional to the concentration of 
free L-thyroxine, Fig. 2B allows the determination of the con- 
centration of unbound L-thyroxine in each of the reaction mix. 
tures used. Fig. 4 shows the data plotted according to the 
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Fic. 3. Effect of variation in the amount of thyroxine and 
human albumin on the thyroxine-potentiated oxidation of DPNH 


at pH 7.35. Quantities of buffer, H:O:, DPNH, and peroxidase, 


are the same as in Fig. 1. The numbers next to the curves refer 
to the following mixtures of micromoles of thyroxine and albumin: 
1, 0.025 + 0.0432; 2, 0.050 + 0.0432; 3, 0.050 + 0.0281; 4, 0.100 + 
0.0432; 5, 0.125 + 0.0432; 6, 0.150 + 0.0432; 7, 0.175 + 0.0432; 8, 
0.200 + 0.0432. 
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Fic. 4. Thyroxine binding plotted according to Scatchard (6, 7). 
@, human serum albumin at pH 7.35; O, bovine serum albumin 
at pH 7.35; @, human serum albumin at pH 4.55; Q, acetylated 
human serum albumin at pH 7.35. 
general equation developed by Scatchard (6, 7): 

r/T = kn — kr (1) 


where r is the moles of L-thyroxine bound per mole of protein, 


T is the concentration of unbound L-thyroxine, n is the theo- 


retical maximal number of L-thyroxine molecules that can be 
bound, and k is the intrinsic association constant. A plot of 
r/T versus r would give a straight line which intercepts kn (as 
r = O) anden (as r/T = 0). When interactions between the 
bound molecules are significant, or if the association constants 
for the sites differ, the plot will not be linear. The intercepts 
on the axes are then 2n,k; and Zn;. In Fig. 4, the values of 
n. and k; for each set of sites may be determined with reasonable 
precision by fitting a curve to the plot through calculation of 
rand T for different values of n; and k; from the equation: 


n. k. IT! 


In this study, the curved line shown in Fig. 4 was obtained by 
assuming that albumin has two thyroxine binding sites, n, = 1, 
and nm; = 5 with association constants ki = 2.5 x 10 u and 
ky = 0.060 x 10° , respectively. From these constants, the 
As values at 25° may be calculated; they were found equal to 
-8.7 and —6.5 kilocalories per mole, respectively. 

Effect of pH—In order to obtain an insight into the role of 
ionized groups in the binding process, the effect of the pH of the 
reaction mixture was investigated. To this end, L-thyroxine 
and human albumin, in an arbitrarily selected molar ratio of 
approximately 2:1, were mixed first and then allowed to react 
with the remaining components of the enzymatic assay system 
in buffers of identical ionic strength (0.155) but of different pH. 
To eliminate the effect of pH on the activity of the peroxidase 
and on the ability of 1-thyroxine to affect the rate of the re- 
action in the absence of albumin, a calibration curve similar to 
that in Fig. 2B was prepared at each pH. Thus, it was possible 
to estimate the amount of unbound and bound t-thyroxine pres- 
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ent in the reaction mixture at the various pH values. The molar 
concentrations of thyroxine bound at a constant initial concen- 
tration of reactants were plotted against pH, and the points 
obtained are shown in Fig. 5. 

L-Thyroxine Binding at pH 4.55—From an inspection of Fig. 
5 it is apparent that at the normal pH of serum (pH 7.3 to 7.4), 
L-thyroxine binding by human albumin is close to the maximal 
value that is attained at approximately pH 8. It is also evident 
that at pH 5 and below, only approximately half as much L- 
thyroxine is bound by the albumin. Thus, it was of interest to 
repeat the experiments illustrated in Fig. 4 at a pH below 5. 
The binding was therefore studied in a pH 4.55 acetate buffer of 
an ionic strength of 0.155, and the results were plotted (solid 
squares) in Kig.4. From the results it is evident that the straight 
line shown in Fig. 4 accounts for the experimental data, and that 
n equals 2 and k is equal to 0.08 x 10 u. This is of the same 
order of magnitude as k; obtained at pH 7.35 above. Since the 
assay system is much less sensitive to thyroxine at pH 4.55 than 
at pH 7.35, there is probably more error in these binding data 
than in the ones obtained at pH 7.35. 

Effect of Ionic Strength—Mixtures of NaH2PO, and Na: HPO. 
of pH 7.35 but differing in ionic strength were prepared, and 
the ability of 0.05 umole of human albumin to inhibit the po- 
tentiation of the DPNH oxidation by 0.1 umole of L-thyroxine 
was determined at several ionic strengths (Fig. 6, solid circles). 
A calibration curve was constructed at each ionic strength to 
determine the effect of ionic strength on the ability of 0.1 umole 
of L-thyroxine in the absence of albumin to potentiate the rate 
of DPNH oxidation (Fig. 6, open circles). From the calibration 
curve at the appropriate ionic strength, the percentage of the 
0.1 wmole of L-thyroxine bound by the 0.05 umole of albumin 
was determined. Fig. 6 indicates that L-thyroxine alone is best 
able to potentiate the oxidation of DPNH by the peroxidase 
system at low or high ionic strengths. Thus, ionic forces are of 
great importance in that reaction. The ability of albumin to 
bind t-thyroxine, with the peroxidase system as a measurement 
of binding, is sensitive only to low ionic strength. Although the 
efficacy of L-thyroxine alone to act as a catalyst was quite sensi 
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Fig. 6. Effect of ionic strength at pH 7.35. Peroxidase, H: O:, 
and DPNH as in Fig. 1. Description of the buffers and the 
amounts of thyroxine and human albumin used are described in 
the text. O——O, slopes (optical density units per minute) of 
the calibration curves (as Fig: 2B) at different ionic strengths; 
@——@, per cent of total amount of thyroxine bound at different 
ionic strengths. 


tive to ionic strengths above 0.3, the ability of albumin to bind 
L-thyroxine was not changed significantly above an ionic strength 
of 0.3. Thus, it appears that salts can compete with L-thyroxine 
for the albumin binding sites up to an ionic strength of 0.3, but 
beyond this, additional salt does not affect the binding signifi- 
cantly. On the whole, the effect of ionic strength is not great, 
and no specific information about the binding process can be 
derived from these data. ; 

Binding by Other Substances—Bovine serum albumin behaved 
like the human protein (see Fig. 4). Polyvinylpyrrolidone was 
only approximately one-fourth as effective a t-thyroxine binder 
at a weight equal to that of albumin, and was not investigated 
in detail. 

Since the purification of the specific thyroxine-binding globu- 
lin has not yet been achieved, it was not possible to compare the 
behavior of this protein with that of albumin. However, frac- 
tions of human serum proteins which have been shown to be 
rich in thyroxine-binding globulin (8) are available (Cohn Frac- 
tion [V-4). The ability of this fraction to bind L-thyroxine, as 
measured by the peroxidase assay, could be accounted for com- 
pletely by the 27%, by weight, of albumin present in this frac- 
tion. Normal human plasma that was found to be 0.5 mu in 
albumin (3.45 g of albumin per 100 ml) behaved as though a 
solution of pure albumin of this concentration were used. When 
the results of the experiments with the plasma were plotted as 
in Fig. 4 (for these calculations, the plasma was treated as though 
it were a 0.5 mM albumin solution), the points fell on a curve 
essentially identical to the one in Fig. 4. Somewhat greater 
scattering of the data was observed with this sensitive method 
of plotting. Similar results were obtained with the Cohn frac- 
tion. Thus, by the use of the peroxidase assay system, thyroxine 
binding by the thyroxine-binding globulin which is present in 
plasma and in the Cohn fraction cannot be detected. The im- 
plications of this finding will be discussed below. 

Human albumin, to which different amounts of L-thyroxine 
were added, was subjected to equilibrium dialysis with methy] 
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orange at pH 7.35. The binding of methyl orange by the thy. 
roxine-albumin mixtures (1 to 4 moles of L-thyroxine per mole of 
albumin) was identical to that of albumin without thyroxine 
This indicated that L-thyroxine and methyl orange are bound at 
different sites and do not compete for the same sites. 

Human albumin was acetylated with acetic anhydride (9 
until six and one-half amino groups remained unacetylated as 


compared to 56 free amino groups in the native protein. These 


values were obtained from Van Slyke amino nitrogen determina. 
tions.2 The ability of this acetylated protein to bind L-thyroxine 
at pH 7.35 was determined, and the results were plotted (open 
squares) in Fig. 4. From the results it is evident that acetyla- 
tion destroys some, but not all, of the thyroxine-binding sites 
on the albumin molecule. Acetylated albumin behaves at pH 
7.35 as does the native protein at pH 4.55. 


DISCUSSION 


The objective of this study was to determine the nature of 
the site and the forces involved in the binding of thyroxine to 
serum albumin. There are many studies with similar genera] 
objectives in the literature (10), but the particular experimental 
approach herein employed has not been applied in published 
binding studies. In the present study, the concentration of 
bound thyroxine was not measured experimentally. It was cal- 
culated from a knowledge of the total amount of thyroxine added 


and the amount remaining unbound in the experiment. It vas 


also assumed that the extent to which albumin can inhibit the 


thyroxine-potentiated peroxidase reaction is a measure of thy- 
roxine binding by albumin. 

Great caution must be exercised in making use of the data 
herein presented to explain thyroxine binding under physiological 
conditions: In a typical assay experiment, the total protein con- 
centration was 0.117 g per 100 ml, and the iodine level (meas- 
ured as butanol-extractable iodine) was 865 yg of I: per 100 ml. 
The former is gg of the normal concentration found in serum 
and the latter is 200 times the normal level. 

The finding that plasma behaved as a thyroxine binder, as 
though it contained only albumin, requires elaboration. The 
capacity of the thyroxine-binding globulin is, on the average, 
0.2 ug of thyroxine per ml of plasma (1). In our experiments, 
0.1 ml of plasma was used. The thyroxine-binding globulin in 
this amount of plasma can thus bind no more than 0.000025 
umole of thyroxine. This is too small an amount to be detected 
when 0.05 umole of thyroxine is added, and the bulk of this is 
bound by the albumin. Even though it has been shown (1) 
that the association constant for the thyroxine-binding globulin 
is approximately 3000 times (7.9 Xx 10%) as great as the one ob- 
tained in this work for the strong binding site on albumin, the 
amount of thyroxine that can be bound by the low concentration 
of the thyroxine-binding globulin in plasma is too small to be 
detected in the presence of the large amount of albumin by the 
assay employed. Therefore, no conclusions can be drawn from 
the data presented as to the manner in which the thyroxine- 
binding globulin binds thyroxine. 

The study of the pH dependence of thyroxine binding indicates 


that some of the binding sites are affected by the hydrogen ion 


concentration, and that the amount of thyroxine bound by 4 
given quantity of albumin increases as the pH changes from 5 
to 8. Thus, the removal of protons favors thyroxine binding. 


2 We are grateful to Dr. Allan L. Grossberg under whose uper- 
vision these determinations were performed. 
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However, binding still occurs below pH 5. Fig. 4 shows that at 
pH 4.55 1 molecule of albumin can bind 2 thyroxine molecules. 
At pH 7.35, a total of 6 thyroxine molecules can be bound: The 
first one is held relatively firmly, and the remaining 5 are held 
with forces comparable to the ones that are operative at pH 
4.55. This suggests that the assumptions made to calculate the 
curved line in Fig. 4 do not explain the total picture. The sites 
that function at pH 4.55 presumably also function at pH 7.35. 
Five sites with a z of 0.06 X 10° m-' were assumed in the cal- 
culation of the curve in Fig. 4. There must therefore be three 
sites with a similar & that are not functional at pH 4.55. This 
presents a possible picture at pH 7.35 of one strong pH-dependent 
site, three pH-dependent weak sites, and two pH-independent 
weak sites. All these sites would have to be taken into account 
to calculate a theoretical curve to explain the variation of r with 
pH. This would involve the fitting of so many parameters 
that the results would not be convincing. Therefore, no at- 
tempt was made to calculate a theoretical curve to account for 
the data presented in Fig. 5, and, as a result, no conclusions are 
being drawn from the experimental data as to what chemical 
groups are involved in the binding process. The fact that acet- 
ylation destroys the single strong pH-dependent binding site 
(Fig. 4) eliminates imidazole groups as being part of this bind- 
ing site since acetyl imidazole compounds are rapidly hydrolyzed 
(11) even in neutral solution. 


The ability of human serum albumin to bind thyroxine has 
been measured by determining the inhibition by albumin of the 
thyroxine-accelerated oxidation of reduced diphosphopyridine 
nucleotide by hydrogen peroxide in the presence of horse-radish 
peroxidase. A maximum of approximately 6 molecules of thy- 
roxine can be bound per molecule of albumin. The data pre- 
sented suggest three different kinds of thyroxine binding sites 
on the albumin molecule. 
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The first site holds 1 thyroxine molecule approximately 40 


times as tightly as the other sites bind the remainder. The data 
may be interpreted to indicate a strong pH-dependent binding 
site (k = 2.5 Xx 10° ), three pH-dependent weak sites, and 
two pH-independent weak sites. A study of the pH dependence 
of the binding revealed that binding decreases but is not abolished 
as the pH is lowered from 7.35 to 5. Studies with acetylated 
albumin eliminated the imidazole group as the ionizable group 
at the pH-dependent strong site. 
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The action of pancreatic ribonuclease is inhibited by a number 
of mononucleotides (1), of which one of the most effective is cyti- 
dine 2’-phosphate (2): We have presented evidence (3) that 
cytidine 2’-phosphate is a competitive inhibitor of the action of 
ribonuclease upon either ribonucleic acid or cytidine 2’ ,3’ cyclic 
phosphate, but that the dissociation constant of the cytidine 
2’-phosphate-ribonuclease complex was significantly greater with 
ribonucleic acid than with a nucleoside cyclic phosphate as sub- 
strate. Because these results, bear closely upon the question of 
the character of the catalytic site on the enzyme, it was of in- 
terest to study the binding of cytidine 2’-phosphate and other 
nucleotides to ribonuclease in the absence of substrate. 

We (4) and others (5) have found that the ultraviolet spectra 
of mixtures of ribonuclease with certain nucleotides are nonaddi- 
tive functions of their constituent absorbancies and that the dif- 
ference spectra thus obtained may be used as convenient indices 
of one type of enzyme-nucleotide interaction, entirely independ- 
ent of enzymatic activity. This paper summarizes some of our 
findings. 


EXPERIMENTAL PROCEDURE 


Ribonuclease A—Commercial crystalline bovine pancreatic 
RNase (Armour Laboratories, lots 381-059 and 647-213) was 
separated into A and B fractions on Amberlite IRC-50-XE-64 
resin columns according to Hirs, Moore, and Stein (6). The 
elution pattern was determined by the absorbancy at 2780 A. 
The major fraction containing RNase A was desalted either by 
addition of mixed strong base and strong acid resins or by dialy- 
sis in cellulose tubing which had been heated at 89° for 72 hours 
(7). Both procedures were followed by elution through a small 
strong base and strong acid resin column to yield a salt-free solu- 
tion which was freeze-dried. Upon rechromatography on Am- 
berlite IRC-50-XE-64 exchange resin, the isolated RNase A 
exhibited a single peak. Solutionsof RNase A were standardized 
spectrophotometrically assuming a molar extinction of 9800 at 
2780 A at pH 7.8 (8). Performic acid-oxidized RNase, donated 
by Dr. G. Kalnitsky, was dissolved in water, adjusted to pH 5.5 
with dilute alkali, and a small amount of insoluble material was 
removed by centrifugation. The supernatant was appropriately 
diluted, assuming the 2600 A molar extinction of oxidized RNase 
to be 4900 at pH 7.0 (9). 


* This study was supported by grant RG-6071 from the United 
States Public Health Service and a grant from the National Sci- 
ence Foundation. Portions of the data in this paper are taken 
from the theses submitted by C. A. Nelson and by D. A. Ver Ploeg 
to the Graduate College of the State University of Iowa in partial 
fulfillment of the requirement for their M.S. degrees (1960). 


The carboxymethyl! derivative of RNase A was prepared by 
reaction with bromoacetate at pH 7.0, 30° (10) in the absence 
of buffers. When 1.1 moles of bromoacetate had been consumed 
per mole of RNase, as measured in the pH-Stat, the reaction was 
stopped by addition of glacial acetic acid, and the mixture was 
dialyzed at 3° for 2 days before freeze-drying. This product was 
enzymatically inactive. 

One-half gram quantities of cytidylic acid (Schwarz Labora. 
tories, Inc. and Nutritional Biochemicals Corporation) were sep- 
arated into the constituent 2’- and 3’-isomers by chromatography 
on 8- X 27-cm columns of Dowex 1-X10 (11) with 0.025 M for. 
mate, pH 4.0, until 2’-CMP was about to appear in the eluent. 
Formic acid, 0.02 M, was then passed through the column with 
complete separation of the 2’- from the 3’-isomer. The identity 
and homogeneity of the isolated nucleotides were confirmed by 
absorption spectra, by rechromatography on Dowex 1, and by 
paper chromatography in several solvent systems. Cytidylie 
acid solutions were standardized spectrophotometrically, assum- 
ing a 2600 A molar extinction of 7600 at pH 7.0 (12). 

The 2’- and 3’-isomers of AMP (Nutritional Biochemicals 
Corporation) were similarly separated on 8- X 21-cm columns of 
Dowex 1-X10 by elution with 0.15 m formic acid (13). The 
benzyl and methyl esters of 2’-CMP were prepared by the method 
of Brown and Todd (14). A sample of 3’-deoxyCMP was gen- 
erously furnished by Dr. H. G. Khorana. Samples of the mixed 
2’- and 3’-isomers of UMP (Schwarz Laboratories, Inc.) and of 
GMP (California Corporation for Biochemical Research) were 
used without further purification. 

Spectral Measurements—A Cary model 14 spectrophotometer 
was used for recording the difference spectra as well as for ab- 
sorbancy measurements at particular wave lengths, with quarts 
cells of 1- or 2-cm light paths. The difference spectra were 
measured in two ways. By one method, inverted difference 
spectra were recorded directly, with two cells in each light beam. 
In the front beam, RNase and nucleotide solutions were con- 
tained in separate cells, whereas in the rear beam, RNase-nucleo- 
tide mixtures were placed in one cell with solvent only in the 
other, keeping the thickness of the two light paths identical. 

In the other method, the absorption of RNase, nucleotide, 
RNase-nucleotide, and solvent solutions were recorded sepa- 
rately, and the difference spectrum was then measured from the 


charts by subtraction of the sum of the absorbancies of RNase 


and of nucleotide from that of the mixture plus buffer at indi- 
vidual wave lengths. Because of the somewhat larger slit-widths 
employed, difference spectra which were recorded directly were 
found to give slightly poorer resolution but essentially the same 
absorbancy readings as those which were obtained by subtraction. 
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Wavelength in A 
Fic. 1. Ultraviolet absorbancy of RNase (dotted line) and 2’- 
CMP (light solid line), alone and in combination (heavy solid line). 
The dash line shows the calculated absorbancy of the RNase-2’- 
CMP mixture if interaction had not occurred. Experimental 
conditions and concentrations are reported in Table I. 


readings were measured at preselected wave 
lengths which were set by allowing the instrument to scan to- 
ward lower wave lengths at 5 A per second with the automatic 
stop set at 3300, 2900, 2600, or 2500 A. In this way the wave 
length settings were reproducible to within 0.1 A; such repro- 
ducibility was essential at 2900 A where the absorbancy of the 
components changes rapidly with wave length. The recorder 
was then run without scanning for several seconds as an averag- 
ing device. The recorded average could easily be read to 0.002 
A, even at high readings. The pen-setting at 3300 A served as a 
reference point for readings made at lower wave lengths. 


RESULTS 


The ultraviolet absorbancy of approximately equimolar mix- 
tures of RNase and 2’-cytidylic acid is not a simple sum of the 
absorbancy of the constituents, but is considerably decreased in 
the region from 2400 to 2700 A (Fig. 1). The difference spectra 
which are obtained from such data are, however, more revealing. 


hen RNase is mixed with 2’- or 3’-CMP or 3’-deoxyCMP, the 


difference spectra exhibit two regions of decreased absorbancy, 
the stronger at 2600 to 2700 A, whereas the weaker is approxi- 
mately at 2950 A (Fig. 2). With 2’-CMP and 3’-deoxyCMP, 
aslightly increased absorbancy is also seen at 2885 A. 

Certain structural features of the cytidine nucleotides appear 
to be required for interaction with RNase (Table I). The ab- 
sence of difference spectra with 5’-CMP, cytidine, or the benzyl 
or methyl esters of 2’-CMP would indicate that a phosphomono- 
ester group at the 2’- or 3’-position of the nucleotide is necessary.! 

' Correspondingly, we have found that neither the benzyl ester 
of 2’-CMP nor cytidine inhibit the hydrolysis of cytidine cyclic 
phosphate at pH 7.3, whereas 3’-deoxyCMP is strongly inhibitory. 
Likewise, Davis and Allen (1) report that uridine does not inhibit 
RNase action upon uridine cyclic phosphate or the benzy] ester of 
3’-UMP. The observation by Barker et al. (15) that cytidine de- 
creases the enzymatic formation of acid from RNA might be due 
not to 1 inhibition, but instead to transesterification with 
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Other nucleotides also appear to interact with RNase (Table 
I). In decreasing order of magnitude, mixed 2’- and 3’-UMP 
and 2’- and 3’-AMP also exhibit difference spectra when mixed 
with the enzyme, although no appreciable spectral changes at 
any wave length were observed with mixed 2’- and 3’-GMP. 
The wave lengths of greatest spectral change for 2’-AMP (2530 
A), the uridylic acids (2550 A), 2’-CMP (2610 A), and 3’-CMP 
(2620 A), when mixed with RNase, are lower but appear to be 
related to their absorption maxima (2600, 2615, 2700, and 2710 A, 
respectively), suggesting that the major effect is primarily due to 
an altered absorbancy of the nucleotide chromophore rather than 
to changes in aromatic groups on the protein. These changes 
appear to correspond to a red shift in the nucleotide spectra. 

Certain slight irregularities at 2805 and 2860 A are common to 
most of the difference spectra given by the RNase-nucleotide 
mixtures. The positions of these additional regions of decreased 


Absorbancy Difference 


2700 2900 3100 


Wavelength in A 


Fig. 2. in absorbancy upon mixing 2’-CMP (heavy 
solid line), 3-CM (light solid line), or 3’-deoxyCMP (dotted line) 
with RNase. The concentration and conditions are reported in 
Table I. The difference spectrum with 3’-CMP was determined 


directly; the others were determined by subtraction. 
TaBLe I 
Absorbancy changes upon mizing various nucleotides or 
their derivatives with RNase* 
Absorbancy difference 
Nucleotide —.— 
difference | at 2000 A | At mazi- 
mM A 
Z 0.096 2610 —0.21 | —0.22 
2’-CMP methyl ester 0.086 0.00 
2’-CMP benzyl ester 0.085 0.00 
Z 0.095 2620 —0.17 —0. 18 
3’-deoxyCMP............ 0.096 2650 | —0.21 | —0.23 
0.069 0.00 
Cytidine................. 0.081 +0.01 
2’ and 3’-UMP........... 0.106 2550 —0.18 | —0.20 
D 0.090 2540 —0.14 | —0.16 
D 0.097 2530 —0.04 | —0.06 
2’ and 3’-GMP........... 0.086 +0.01 


Final concentration of RNase was 0.077 mu in acetate buffer, 
pH 5.4 to 5.6 of 0.01 to 0.02 ionic strength. 
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TABLE II 
Absorbancy changes upon mizing various RNase derivatives 
with 2’-CMP* 
Absorbancy 
Enzyme Concentration ae at 
mM 

Commercial RNase................... 0.075 —0. 19 
Oxidized RNase Kk. 0. 100 0.00 
Carboxymethyl RNase A............. 0.055 0.00 
7 RNase A in 4 M urea. 0.077 —0. 15 
RNase A in 8 u urea 0.077 +0.01 
RNase A in 0.17 m phosphate 0.077 —0.07 


Absorbancy Difference 


Final concentration of 2’-CMP was 0.096 m in acetate, pH 


5.4 to 5.6 at 0.01 to 0.02 ionic strength. 


Absorbancy Difference 


4 5 6 7 8 9 10 
pH 
Fic. 3. Effect of pH on the absorbancy changes upon mixing 


0.076 mm RNase with 0.096 mm 2’-CMP at 0.04 ionic strength as 
measured at 2600 A (@——@), 2500 A (O——O), and 2900 A 
(A——A). Observations at pH 4.12, 4.71, 4.95, and 5.65 were 
with acetate buffers; those at pH 6.05, 6.98, and 8.00 were with 
imidazole buffers; and those at pH 7.19, 8.08, and 9.08 were with 
Tris buffers. 


M RNase x 104 
Fic. 4. The change in absorbancy at 2500 A (O——O) and 


2600 A (@——@) upon addition of increasing amounts of RNase 


A 


to 0.096 mm 2’-CMP at pH 5.6 and 0.02 ionic strength. The 


vertical line indicates the equivalence concentration for a mole- 
mole complex. 
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absorbancy correspond reasonably well with those observed in 
the difference spectra between denatured and native RNag 
(17, 18). 

The 2600 A absorbancy change with 2’-CMP was also affected 
by alterations in the secondary or tertiary structure of RNag 
(Table II). Oxidation of the disulfide bonds of RNase, denaturs. 
tion of RNase in the presence of high concentrations of urea, o 
carboxymethylation (10) of the histidine residue at the active 
center of RNase with bromoacetic acid at pH 7, all decreased oy 
abolished the spectral change. The decrease in absorbancy given 
by commercial RNase is slightly less than that given by RNase 4 

The spectral change of RNase A-2’-CMP mixtures was als 
decreased in the presence of 0.17 m phosphate. Inasmuch 4s 
phosphate causes an acidic shift of the isoelectric point of RNase 
(19) and brings about renaturation of urea-denatured RNag 
(18), it appears reasonable to attribute this effect to competitive 
binding of phosphate ions by RNase. 

The interaction between RNase and 2’-CMP was markedly 
influenced by pH (Fig. 3). The spectral change at 2500 and 2800 
A was greatest at pH 5.0 to 5.5 and disappeared as the pH was 
raised above 8. There was an additional effect of pH upon the 
shape of the difference spectrum as reflected by the spectral 
changes at 2900 A. At pH 5.6 or above, the absorbancy differ. 
ence was greatest at 2610 A, whereas at pH 4.1 this had shifted 
to 2775 A. 

If the difference in absorbancy at 2500 and 2600 A may be 
taken as an accurate index of binding, a pK of about 6.5 to 6.8 is 
suggested for some group involved in the binding. This might 
be attributed to an imidazole group of the enzyme or to the 
secondary dissociable hydrogen of the phosphomonoester group 
of the nucleotide. 

In contrast to the effect of electrolytes upon RNase activity 
(20), ionic strength changes had little effect upon the interaction 
between RNase and 2’-CMP at pH 5.6. The absorbancy differ. 
ence at 2600 A was enhanced about 9% as the ionic strength was 
decreased from 0.1 to 0.01. The RNase-2’-CMP interaction was 
also quite stable, remaining unchanged for at least 24 hours at 
room temperature and at pH 5.6. - 

The stoichiometry of the interaction between RNase and 2“ 
CMP at pH 5.6 was investigated by measuring the absorbancy 
difference (AA) as increasing amounts of RNase were added toa 
constant amount of the nucleotide. The absorbancy difference 
reached a maximum when the molar concentration of RNase al- 
most exactly equalled that of 2’-CMP (Fig. 4), indicating that 
the spectral shift is due to an essentially complete binding by 
RNase of a single molecule of CMP. 

As already observed, the interaction between RNase and 2- 
CMP is weak at pH 7.3. Assuming that only one mole of CMP 
is bound at this higher pH and that the molar extinction differ- 
ence (Ae) at 2600 A of the complex was the same ( 2800 A) as 
that measured from the equivalence point of pH 5.6 (Fig. 4), the 
measured AA arising from various concentrations of the two 
constituents may be used to calculate the molar concentration 
((AA)/(Ae)) of the RNase-2’-CMP complex (EI), and thus its 
dissociation constant. The AA readings, as measured in the 
Beckman model DU spectrophotometer (from 36 separate ex- 
periments at 30°, in 0.1 ionic strength Tris buffer at pH 7.3, in 
which the concentration of RNase (Eo) ranged from 0.5 to 4.67 X 
10-4 m, whereas that of 2’-CMP (J.) ranged from 0.27 to 3.38 * 
10-4 m) were used to calculate a dissociation constant by the 
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-O. 
pH 6.4 


10 20 30 40 50 60 
Temperature C' 

Fic. 5. The effect of temperature upon the change in absorb- 
ancy at 2600 A upon mixing 0.080 mu RNase A with 0.116 mu 
2. CMP in pH 5.6 acetate buffer of 0.10 ionic strength and in pH 
6.4 imidazole buffer of ionic strength 0.05. The absorbancies of 
the samples were measured while being held at each temperature 
for not more than 6 minutes; the samples were rapidly cooled to 
room temperature, and the absorbancies were redetermined. The 
value determined at 25° after the sample had been kept at 58° for 
5 minutes is shown by r. The data were determined by the direct 
method. 


Absorbancy Difference 


equilibrium expression : 
(Ey — El)(Io — El) 
(El) 


The dissociation constant obtained was 3.4 + 0.7 x 10° M, 
which agrees well with that (2.7 x 10-* m) calculated from the 
inhibition of the hydrolysis of cytidine-2’ ,3’-cyclic phosphate (3), 
in contrast to the higher values obtained in the presence of yeast 
RNA. 

The absorbancy change at 2600 A of the RNase-2’-CMP com- 
plex at elevated temperatures is reversibly decreased, provided 
that the period of heating is brief (Fig. 5). The hypochromicity 
is less affected by heating at pH 5.6 than at pH 6.4, probably be- 
cause of the greater stability of the complex at the more acid 
pH. From the change in absorbancy at pH 6.4, and again as- 
suming that the molar extinction difference of the complex at 
2600 A is —2800 absorbancy units (Fig. 4), an Arrhenius plot of 
the dissociation constants Ki of the RNase-2’-CMP complex 
measured at each of the different temperatures indicates that its 
heat of dissociation is about 20,800 calories per mole. 
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DISCUSSION 


Several observations support the view that this binding of 
nucleotides, as observed spectrophotometrically, takes place in 
the vicinity of a catalytically active center of the enzyme. They 
are (a) the loss of the spectral interaction arising from inactiva- 
tion of RNase by carboxymethylation, which has been suggested 
(10) to arise from alkylation of one of the histidine residues at the 
active center, (b) the substantial agreement between the dissocia- 
tion constants of the RNase-2’-CMP complex determined by 
spectrophotometry and by inhibition of RNase activity toward 
simple substrates, and (c) the similarity, in all but one case, of the 
amount of spectral change given by the different nucleotides with 
the degree of inhibition which they exert upon the enzymatic 
hydrolysis of cytidine cyclic phosphate (1). In the one excep- 
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tion, mixed 2’- and 3’-GMP, which inhibits RNase activity, ap- 
pears to give no appreciable spectral change. It is conceivable 
that additional molecules of CMP may be bound without giving 
rise to any other spectral effects. Until the number of nucleotide 
molecules bound as well as the number of catalytically active 
centers is established, it is premature to conclude that the nucleo- 
tide-binding site responsible for the spectral changes is identical 
with the active center. 

Considered as virtual substrates, the RNase-binding mono- 
nucleotides bear some resemblance to those nucleotide substrates 
toward which RNase is active. Thus, the pyrimidine nucleotides 
are bound more firmly than the purine nucleotides, just as the 
pyrimidine polynucleotides and cyclic nucleotides are more 
readily hydrolyzed (21). The binding of AMP has its counter- 
part in the weak activity of RNase toward polyadenylic acid, as 
recently reported (22). On the other hand, the structural fea- 
tures of the nucleotides which favor binding differ strikingly from 
those required for a substrate. In binding, the 2’-position of the 
phosphate is preferred over the 3’-position, and this phosphate 
must be monoesterified. As shown by the case of 3’-deoxyCMP, 
a free 2’-hydroxy group is not required. An adjacent keto group 
at position 2 of the pyrimidine ring, proposed by Witzel (24) to 
play an important function in the polarization of the phosphate 
group, appears to be unessential for binding, as exemplified by 
AMP. 

The slight but significant inflections in the difference spectra at 
2805 and 2860 A given by mixtures of RNase with the various 
2’- and 3’-nucleotides suggest that binding of nucleotides might 
induce changes in the phenolic groups of the enzyme, either by 
cleavage of tyrosine-carboxylate ion dipoles or by exposing cer- 
tain of the tyrosine residues to an environment of different 
polarity (23). 

In a recent note, Mathias et al. (5) observed red shifts in the 
2500 to 2800 A region in the spectra of mixtures of RNase and 
various cytidine nucleotides; in most respects the spectral changes 
are similar to those we have described. In apparent disagree- 
ment with our experiences with carboxymethyl RNase at pH 5.6, 
however, they report that there is no loss of difference spectra 
at pH 6.9 upon carboxymethylation of RNase. Inasmuch as 
their alkylation of RNase with bromoacetic acid was performed 
at pH 5.6, whereas ours was performed at pH 7.0, a possibility 
also exists that the character of the carboxymethylated RNase 
preparations used in the two experiments was not the same. 
Further studies of spectral changes attending the binding of 
other nucleotides to RNase may help to appraise the various ter- 
tiary structures for RNase which have recently been proposed 
Parks (25) and by Scheraga (26). 


1. The ultraviolet absorbancy of solutions containing both 
bovine pancreatic RNase and some mononucleotides at certain 
wave lengths was found to be substantially less than the sum of 
the absorbancies of the separate components. These changes in 
absorbancy were greatest at about 2500 to 2650 A, with addi- 
tional minor changes being observed at about 2900 to 2950 A, 
depending on the nucleotide used. 

2. In order of decreasing magnitude of difference spectra on 
mixing with equimolar concentrations of RNase were 2’-cytidylic 
acid, 3’-deoxy-cytidylic acid, 3’-cytidylic acid, 2’- and 3’-uridylic 
acids, 2’-adenylic acid, and 3’-adenylic acid. No spectral 
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changes were found upon mixing RNase with 2’- and 3’-guanylic 
acids, 5’-cytidylic acid, cytidine, or esters of 2’-cytidylic acid. 
Spectral changes were also decreased or absent when 2’-cytidylic 
acid was mixed with ribonuclease which had been modified by 
performic acid oxidation, carboxymethylation or urea denatura- 
tion. 

3. The absorbancy changes of the ribonuclease-2’-cytidylic 
acid complex at 2500 to 2600 A were most intense at pH 5.0 to 
5.5, but decreased at more alkaline ranges and were very slight 
above pH 8. They were also decreased at elevated tempera- 
tures. 

4. Inasmuch as the intensity of the difference spectra reached 
a maximum when the molar concentration of ribonuclease was 
equal to that of 2’-cytidylic acid at pH 5.6, the spectral changes 
were taken to represent a mole for mole interaction of enzyme 
and nucleotide. At pH 7.3, the calculated dissociation constant 
of the ribonuclease-2’-cytidylic complex was in reasonable agree- 
ment with that determined from competitive inhibition by 2’- 
cytidylic acid of the hydrolysis by ribonuclease of cytidine cyclic 
phosphate. 
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Pancreatic ribonuclease catalyzes two distinct reactions. One 
is an intramolecular transesterification by which polynucleotides 
are cleaved, resulting in the formation of pyrimidine terminal 
nucleoside 2’ ,3’-cyclic phosphates, whereas the other is the hy- 
drolysis of the latter to the corresponding 3’-nucleotides (1 and 2). 
Differences in ribonuclease activity with respect to these two 
steps after inhibition by anionic polymers (3, 4) or after proteo- 
lytic digestion of ribonuclease with subtilisin (5) have raised the 
question as to whether the same binding sites are involved for 
both reactions. If the formation of the cyclic nucleotide and its 
subsequent hydrolysis involves binding to identical groups on the 
enzyme surface, a competitive inhibitor of one reaction should 
competitively inhibit the other occurring on this same site, and 
the dissociation constants of the ribonuclease-inhibitor complex 


por either reaction should be identical. In order to test this 
point, measurements of the competitive inhibition of ribonuclease 


by cytosine 2’-phosphate in the presence of different substrates 
were carried out. 


EXPERIMENTAL PROCEDURE 
Materials 


Ribonuclease A—The A fraction of commercial crystalline 
pancreatic RNase (Armour Laboratories, lots 381-059 and 647- 


Aa) was isolated by the procedure described in the accompany- 


ing paper (6). Solutions of RNase A were standardized spectro- 
photometrically, assuming a molar extinction of 9800 at 2780 A 
and pH 7.8 (7). 

#-Cytidylic Acid The 2’-isomer of commercial CMP (Schwarz 
Laboratories, Inc. and Nutritional Biochemicals Corporation) 
was isolated on Dowex 1-X10-formate columns as described else- 
where (6). On rechromatography on Dowex 1, no 3’-CMP was 
observed in any of the batches of 2’-CMP used, indicating that 
the contamination by this isomer was less than 2% of the total. 
These samples of 2’-CMP exhibited only a single spot (R. 0.58) 
on descending chromatography with the isopropanol-hydrochloric 
acid solvent described by Wyatt (8), thus assuring the absence 
of cytidine (Rp 0.48) or UMP (R, 0.72), the most likely contami- 
nants. The absorbancy ratios at pH 7 (2500:2600 = 0.91, 
2800:2600 = 0.87, 2900:2600 = 0.28) were in agreement with 
those (0.90, 0.85, and 0.26, respectively) reported by Beaven 
et al. (9). Finally, each sample of 2’-CMP at a concentration 
of 3 X 10~* u inhibited the acid production from C-cyclic-p 
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ence Foundation. A portion of the data in this paper is taken 
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quirement for the M.S. degree (1960). 
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(2.5 X 10 u) at pH 7.3, 30°, and 0.1 ionic strength by 6.8 x 10- 
u RNase to nearly the same extent (66 to 70%), showing that 
no significant amounts of noninhibitory or excessively inhibitory 
contaminants were present in any of the samples of 2’-CMP used. 
The 2’-CMP solutions were standardized spectrophotometrically, 
assuming the molar extinction at 2600 A and pH 7 to be 7600 (9). 

Cytidine 2 ,3’-Cyclic Phosphate—With descending chromatog- 
raphy on Whatman No. 1 filter paper with the ammonium sul- 
fate-isopropanol-sodium acetate solvent system of Markham 
and Smith (2), the barium salt of C-cyclic-p (Schwarz Labora- 
tories, Inc., lot 5701, Rp 0.53) was found to contain 8 to 9% of 
2’- and 3’-CMP (R, 0.71) as the only contaminants. Chroma- 
tography on Dowex 1-X10-formate separates C-cyclic-p and 3’- 
CMP from 2’-CMP, but not from each other (1). By this 
criterion, commercial C-cyclic-p contained about 1 to 2% of 
2’-CMP. 

Ribonucleic Acid Two preparations of yeast RNA were used. 
That obtained from bakers’ yeast by the procedure of Crestfield 
et al. (10) had a relatively high molecular weight as judged by its 
reduced viscosity of 600 to 710 ml per g of a 0.5% solution in 
water at 30°. Commercial yeast RNA (Schwarz Laboratories, 
Inc., lot NHS 6004) was exhaustively dialyzed against distilled 
water until only about one-eighth of the original material re- 
of this preparation was about 10 ml per g. 


Methods 


RNase Assay by Acid Production from C-cyclic-p—With the 
Radiometer TTT-1 pH-Stat, assays involving acid production 
were performed under N, at pH 7.3 and at an ionic strength of 
0.10 in a 30° water-jacketed glass vessel fitted with a magnetic 
stirrer. The substrate and other additions were in a total vol- 
ume of 5.0 ml, and RNase A solution (0.05 ml) was added by 
microburette. The volume of standard alkali (0.01 to 0.05 M) 
added automatically from the syringe-burette during the titra- 
tion did not exceed 0.03 ml. The velocity of the enzymatic re- 
action was at least 10 times the nonenzymatic consumption of 
alkali as measured before addition of RNase for an equal period. 
The initial velocity was calculated from a plot of the volume of 
base delivered at 0.2-minute intervals over a period of 3 to 5 
minutes after addition of enzyme. Using similar amounts of 
enzyme and substrate under nearly the same conditions, we have 
demonstrated (4) that the rate of acid production is proportional 
to the RNase concentration. 

RNase Assay by Acid-soluble Oligonucleotide Production from 
RNA—The activity of RNase A was measured by the depoly- 
merization of RNA by a modification of the method of Kalnit- 
sky and Resnick (11). In preliminary experiments in which the 


and 

Ckem. 

J. An. 

d. trav. 

» 1, 339 
MMELL, 

1953). 

RSOxs, 
tochim, 

W., J. 

Biol. 
1952). 
(1960). | 

Up- 


3174 


TABLE I 
Effect of added RNA upon acid-solubility of oligonucleotides formed 
by enzymatic hydrolysis of RNA 


Ribonuclease Inhibition 


Addition at end of incubation Blank 
period 


min 2 min 3 min 


RNA, 0.8% in 0.5 M acetic 
0.084 
0.108 


0.073 
0.091 


0.050 
0.066 


0.082 
0.068 


* Absorbancy of a 1:31 dilution of the uranyl acetate-perchloric 
acid filtrate of the digest. Samples containing 2 mg of RNA 
(Schwarz Laboratories, Inc.) in 3 ml of pH 7.3 Tris buffer at 0.1 
ionic strength were incubated at 30° with 2.0 Xx 10-" moles of 
RNase A for the periods indicated before the final addition of 1 
ml of the RNA- acetie acid solutions listed. 


.06 


J 


75 


FId. 1. Lineweaver-Burk plot of the influence of C- exelie- p 
concentration (S = m X 10%0 upon the initial velocity of acid for- 
mation (in millimicromoles per minute) as catalyzed by 2.7 X 1077 
m RNase A in the presence () or absence (O) of 2.9 X 10 M 
2’-CMP at pH 7.3, 0.1 ionic strength, and 30°; volume, 5.0 ml. 


RNA concentration was varied, the solubility of the acid-soluble 
oligonucleotides was found to vary inversely with the amount of 
perchloric acid-precipitable material present. It will be seen in 
Table I, that if, at the end of a brief incubation of RNase with a 
low concentration of RNA, an additional amount of RNA is 
added just before addition of the perchloric acid reagent, the 
absorbancy at 2600 A of acid-soluble oligonucleotides in the di- 
luted supernatant is decreased. On the other hand, addition of 
2’-CMP, at least in the concentrations used here, had no effect 
upon the solubility of acid-soluble oligonucleotides. Accord- 
ingly, as modified, the procedure employed was as follows. To 
2 ml of Tris buffer (pH 7.3 and 0.10 ionic strength), in some in- 
stances containing 6 mg of 2’-CMP, 1 ml of a solution of RNA 
in the same buffer was added. After temperature equilibration 
at 30°, RNase A was added in 100 ul amounts by means of a 
microburette. Low enzyme concentrations were employed to 
help maintain a constant reaction rate for at least 4 minutes. 
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For each substrate concentration, six different incubation periods 
ranging from 0.5 to 4 minutes were used so that the initial veloc. 
ity could be estimated. The reaction was stopped by the adgj. 
tion of 1.0 ml of 0.5 M acetic acid containing sufficient RNA ty 
bring the total RNA concentration up to 3.3 mg per ml and to 
bring the pH to about 3.5. Immediately afterward, 1.0 ml of 
0.75% solution of uranyl acetate in 25% perchloric acid was 
added, the tubes were shaken well and promptly placed in an ice 
bath. After centrifugation at 3° for 30 minutes at 2100 x 9 
aliquots of the supernatant were diluted in triplicate 1:31 with 
water, and the absorbancies were measured against an enzyme. 
free blank at 2600 A. With Crestfield RNA, the blanks had ap 
absorbancy of about 0.03 against water, whereas with Schwan 
RNA, the blanks read about 0.07. In these two samples of RNA 
with added 2’-CMP (6 X 10 m), the absorbancies of the blanks 
read 0.75 and 0.79, respectively. With those samples to which 
CMP was added, it was necessary to use extreme care to avoid 
manipulative errors, inasmuch as dilution error of 1% could lead 
to differences of about 0.01 absorbancy unit. 
Viscosity—Measurements of the viscosity of RNA during di- 
gestion with RNase were carried out in a conventional Ostwald 
viscometer (outflow time, 100 seconds) at 29.4 + 0.002°. 


RESULTS 
Hydrolysis of C-cyclic-p—As previously observed (4), 2’-CMP 
behaves as a competitive inhibitor of the hydrolytic activity of 
RNase (Fig. 1). Plots of the reciprocal velocity versus the re- 


ciprocal concentration of C-cyclic-p in the presence and absence 


of 2’-CMP fit lines of different slopes but common intercept. 
The dissociation constant K. of the RNase A-2’-CMP complex, at 
pH 7.3, 30° and 0.1 ionic strength, calculated (12) from these data 
(obtained with the use of 6.8 x 10 m RNase A) was 2.6 + 
0.6 X 10-*m. A similar experiment employing a higher RNase 
A concentration (2.7 Xx 10-7 M) gave a value of 2.9 + 0.4 x 10 
mM. These values for K. are in reasonable agreement with that 
(3.4 + 0.7 X 10 ) calculated from spectrophotometric data 
obtained in the absence of substrate (6). 

Formation of Acid-soluble Oligonucleotides from RN A—In view 
of the familiar decrease in the rate of formation of acid-soluble 
oligonucleotides as the digestion of RNA by RNase proceeds, 
assurance was needed that the initial rate of oligonucleotide for- 
mation was actually proportional to the concentration of the 
enzyme. Fig. 2 shows that the modified assay procedure is 
satisfactory up to RNase concentrations of 9 Xx 10 M. 

The degree of inhibition of RNase by 2’-CMP as a function of 
the concentration of high molecular weight yeast RNA is de- 
picted in Fig. 3. The form of the Michaelis-Menten expression 
used is 


S Ke 8 


which gives more statistical weight to the velocities which were 
determined with the higher RNA concentrations, as these were 
determined with greater accuracy. The corresponding expres- 
sion for the competitive inhibition is 

S _ Kn(l + 1/Ki) E 
The data obtained in the presence of 2- CMP fall on straight 
lines of identical slope but of greater intercept, indicating that 
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CMP is also a competitive inhibitor for the enzymatic depoly- 
merization of RNA. The value calculated for the dissociation 
constant of the RNase-2’-CMP complex at pH 7.3, 30° and 0.1 
ionic strength with the use of the higher molecular weight yeast 
RNA preparation was 1.9 + 0.7 x 10-* u. For purposes of 
comparison, the dotted line in Fig. 3 shows where the data would 
have fallen had the dissociation constant been 3 X 10 M, as 
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Fic. 2. The initial rate of appearance of acid-soluble oligo- 
nucleotides in absorbancy units per minute from 2 mg per ml of 
high molecular weight RNA in the presence of varying amounts of 
ribonuclease A at pH 7.3, 0.10 ionic strength, and 30°. 
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| 2 3 
Substrate Concentration (mgs RNA / ml ) 
Fic. 3. A plot of the relationship of substrate concentration per 


initial velocity to substrate concentration upon incubation of high 
molecular weight RNA with RNase A (6.8 X 10 ) in the absence 
(O——O) or presence (@——@) of 5.05 K 10-? M 2’-CMP in pH 
7.3 Tris buffer of 0.1 ionic strength at 30°. The concentration of 
RNA is expressed as mg per ml and the velocity as absorbancy 


units per minute. 
tained in the presence 


of 5.05 X 1 


expected position of the data ob- 


OM 2’-CMP if the dissociation 


constant of the RNase-2’-CMP complex had been 3.0 X 10M. 
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Q 
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Per Cent of Initial Viscosity 


A B 


20. 30 10 20 
Minutes 


Fic. 4. The influence of A, 2’-CMP and B, C-eyelie-p, respec- 
tively, upon the depolymerization of RNA by RNase as measured 
viscometrically. The abscissa is time in minutes after addition 
of 0.01 ml of RNase solution (3.6 X 10 moles in 4, 2.8 X 10-" 
moles in B) to 4 ml of 2 mg per ml of yeast RNA in 0.1 ionic strength 
Tris buffer of pH 7.3, in the absence (O——O) or presence 
(@——@) of 3.1 X 10°? u cytidine nucleotide. The ordinate is 
the percentage of the total decrease of reduced viscosity of the 
RNA after complete hydrolysis with excess RNase. The points 
depicted by U denotes the spontaneous change in viscosity of the 
RNA in the absence of added enzyme. The initial reduced vis- 
cosity of 2 mg per ml of RNA was 27 ml per g in the absence of 
added cytidine nucleotides and about 26 ml per g in their presence. 


found with studies of the hydrolysis of C-cyclie-p. When di 
alyzed commercial yeast RNA was used in a similar experiment, 
the corresponding K. value found was even higher, namely 1.5 X 
10-? M. With dialyzed commercial yeast RNA as substrate, the 
Michaelis constant and maximal velocity were 0.8 mg per ml and 
0.21 absorbancy unit per minute per ug of RNase, respectively, 
whereas with higher molecular weight yeast RNA, the corre- 
sponding values were 0.4 mg per ml and 0.22 absorbancy unit 
per minute per ug of RNase, respectively. 

Further evidence that the RNase-catalyzed depolymerization 
of RNA is poorly inhibited by 2’-CMP was obtained by visco- 
metric measurements. As seen in Fig. 4A, the rate of depoly- 
merization by RNase A of high molecular weight yeast RNA at a 
concentration of 2 mg per ml was inhibited by only about 30% 
in the presence of 3.1 X 10°? M CMP. Had the dissociation 
constant of the RNase-2’-CMP complex been the same as that 
measured with C-cyclic-p hydrolysis, namely about 3 x 10-* u 
(and assuming that the Michaelis constant for this substrate 
was of the same magnitude as that found by the acid-soluble 
oligonucleotide method), an inhibition of about 90% would have 
been expected. 

No evidence for a competitive substrate effect by C-cyclic-p 
during the cleaving of RNA by RNase was observed. Addition 
of 3.1 X 10-* m C-cyclic-p did not inhibit the rate of depoly- 
merization of RNA as measured viscometrically, as seen in Fig. 
4B. 


DISCUSSION 
Before considering the interpretation of the marked differences 
in the dissociation constants of the RNase-2’-CMP complex, the 
validity of the measured values bears scrutiny. In considering 
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the enzymatic attack upon C-cyclic-p in the presence of 2’-CMP, 
synthesis of dinucleotides is a possible, but probably insignificant, 
side reaction, at least at the substrate concentrations (less than 
0.006 M) used in this study. Heppel et al. (13) detected no 
RNase-catalyzed synthesis of CpC-cyclic-p at concentrations of 
C-cyclic-p below 0.02 M. Moreover, 3’-CMP was, and 2’-CMP 
presumably would also be, a poorer acceptor for transesterifica- 
tion than C-cyclic-p. 

With RNA as substrate, the observed A; might also be modi- 
fied by possible binding of 2’-CMP to RNA. This could lower 
the free 2-CM concentration or might alter the secondary 
structure of RNA to make it more accessible to RNase attack. 
However, in view of (a) the relatively slight effect of 2’-CMP 
upon the reduced viscosity of RNA, (b) the failure to 2’-CMP 
to affect the solubility of the products of RNA digestion, and (c) 
the lack of any measurable degree of binding of 2’-CMP to RNA 
by dialysis equilibrium,' this explanation does not appear to ac- 
count for the differences in the observed K. values. 

Subject to these possible objections, the differences between the 
dissociation constants of the RNase-2’-CMP complex as deter- 
mined by inhibition of the hydrolysis of C-cyclic-p and of RNA 
bring to mind two different explanations. One is that the in- 
hibitor may react with the énzyme-substrate complex, with the 
liberation of substrate. In this case the Lineweaver-Burk treat- 
ment would no longer apply. Such an explanation was proposed 
by Klein (14) to explain the modifying effect of different sub- 
strates on the competitive inhibition of p amino acid oxidase by 
benzoate. An alternative and possibly more reasonable explana- 
tion for the differences in the degree of inhibition by 2’-CMP with 
these two substrates is that more binding sites on RNase are in- 
volved in complex formation with RNA than in the case with 
C-cyclic-p. If the binding site for a competitive inhibitor coin- 
cides with active center for a substrate, close agreement would be 
expected between the dissociation constants of the enzyme-in- 
hibitor complex as determined by inhibition of activity and those 
determined in the absence of substrate. With a polyanionic 
substrate, however, enzyme-substrate complex formation might 
involve other noncatalytic binding sites in addition to that at 
the active center. In this instance, a competitive inhibitor would 
not readily displace the substrate from all the binding sites on 
the enzyme. Such a model of the binding sites might satisfac- 
torily explain the observation by Kalman et al. (5) that during 
the digestion of RNase with subtilisin, RNase activity toward 
RNA is lost somewhat more rapidly than its activity toward 
C-cyclic-p. Indeed, the chief distinction made by the enzyme 
may be between large and small substrate molecules, rather than 
between noncyclic and cyclic phosphate substrates. This is 
suggested by our observation (4) that polyxenyl phosphate 
poorly inhibits the depolymerizing activity of RNase toward 
RNA, but strongly inhibits RNase action upon the benzyl ester 
of 3’-CMP as well as upon C-cyclic-p. 

The observation that addition of C-cyclic-p did not inhibit the 
breakdown of RNA by RNase could be used to support an ar- 
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gument that separate catalytic sites for hydrolytie and tram 
esterification activity may exist on the enzyme surface. Hoy. 
ever, the absence of inhibition may be accounted for by th 
rather low affinity of RNase for C-cyclic-p (15). 

Further studies are underway which may help to decide 
whether RNase has two separate active centers or a single active 


center with ancillary binding sites for polyanionic substrates, 


SUMMARY 


1. The inhibition by 2’-cytidylic acid of pancreatic ribony. 
clease activity at pH 7.3 toward the substrates ribonucleic acij 
and cytidine cyclic phosphate was investigated. 

2. As measured by the rate of formation of acid-soluble oligo 
nucleotides from ribonucleic acid, the inhibition of ribonucleag 
activity by 2’-cytidylic acid was relatively weak. The disgocig. 
tion constant of the ribonuclease-2’-cytidylic acid complex 43 
measured with a ribonucleic acid preparation of low moleculg 
weight was about 1.5 x 10-*, whereas with a high molecular 
weight preparation, it was about 2 x 10 u. The inhibition of 
the hydrolysis of this latter preparation by 2’-cytidylic acid was 
also relatively weak as measured by changes in viscosity. 

3. The inhibition of ribonuclease activity by 2’-cytidylic acid 
as measured by the rate of acid liberation from cytidine cyclic 
phosphate was considerably greater, the K. in this case being 
about 3 X 10 M. This value corresponds in magnitude to on 
calculated from spectral interaction in the absence of substrate. 

4. These data may be interpreted to indicate that the binding 
sites of the enzyme for ribonucleic acid and for cytidine cyclic 
phosphate are not identical. 
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The enzyme aldolase discovered by Meyerhof and Lohmann 
(1) catalyzes the following reaction: 
dihydroxyacetone phosphate 
Fructose diphosphate = + 
p-glyceraldehyde-3-phosphate 


Aldolases derived from various sources may be differentiated into 
two types according to whether or not they are inhibited by 
metal-chelating agents (2). Warburg and Christian (3) first 
recognized a distinctive difference in the properties of yeast and 
muscle aldolase. The yeast enzyme was strongly inhibited by 
cyanide, pyrophosphate, cysteine, and a,a’-dipyrridyl, and the 
inhibition was reversed by divalent metal ions (Zn"™, Fe", Co", 


cui). A dissociable metal ion activator (probably Feli) for the 


enzyme was therefore proposed. It was later reported 


that the highly purified preparations of Warburg and Gawehn 


(4) contained considerable quantities of zinc and only traces of 
iron (5). The inhibition of the yeast enzyme by metal-chelat- 
ing agents thus was correlated with the presence of zinc in the 
protein. In contrast to the yeast enzyme, muscle aldolase was 
not affected by the presence of metal-chelating agents (3), and 
did not contain significant quantities of any divalent ion (3, 5). 

In line with the above, muscle aldolase is considered the pro- 
totype of the metal ion-independent (type I), and similarly, 
yeast aldolase is the prototype of the metal ion-dependent (type 
II) aldolases. In addition to the muscle enzyme (studied in the 


rat and rabbit), the bovine liver enzyme is appropriately classi- . 


fied as a type I aldolase since it is not inhibited by chelating 
agents, and does not contain divalent ions (6). The aldolase 
from peas (7) also may be placed tentatively in this category. 
In contrast, most aldolases which have been studied in micro- 
biological systems are apparently type II aldolases. For ex- 
ample, the activity of the aldolase from several Aspergillus spe- 
cies is inhibited by chelating agents, and the inhibition is reversed 
by Zell, Fen, Co™ and Mn"; moreover, a highly purified prep- 
aration of the enzyme from Aspergillus niger contains 1 mole of 
Zn per 50,000 g of protein (8). The aldolase activity in aged 
extracts of Clostridium perfringens is stimulated markedly by 
fem or Coll, together with cysteine (9); therefore, in this in- 
stance, the metal ion appears freely dissociable. The available 
evidence suggests that other microbial systems contain type II 
aldolases (e.g. Escherichia coli, (10) Lactobacillus bifidus (11), 
Brucella suis (12), and Mycobacterium tuberculosis (13). 


* This investigation was supported in part by Grant C-3986, 
National Institutes of Health, United States Public Health Serv- 
ice. The data are taken from a dissertation submitted by Oliver C. 
Richards in February 1960 to the Graduate College of the Uni- 
versity of Illinois in partial fulfillment of the requirements for the 
degree of doctor of philosophy. 


A definitive comparison of the molecular and catalytic prop- 
erties of the aldolases is not possible at present since the rabbit 
muscle enzyme is the only member which has been studied ex- 
tensively. 

The present paper presents a method for the isolation of yeast 
aldolase and reports some of its properties. 


EXPERIMENTAL PROCEDURE 


Materials—Fieishmann’s type 20-40 dry yeast (distributed 
by Standard Brands, Inc.) was the source for yeast aldolase. 
Fructose-di-P was obtained from Schwarz Laboratories. The 
commercial barium salt was converted to the sodium salt for 
use in routine assays. In other instances, the crystalline cyclo- 
hexylammonium salt was used (14). DPN was procured from 
Pabst Laboratories or Sigma Chemical Company. DPNH was 
prepared by chemical reduction of DPN according to the proce- 
dure of Beisenhersz et al. (15). Crystalline a-glycerophosphate 
dehydrogenase was obtained from the Sigma Chemical Company 
as an ammonium sulfate suspension. Protamine sulfate was a 
product of Eli Lilly Company. DEAE-cellulose powder was 
obtained from Brown and Company. Alumina Cy gel was 
prepared according to the procedure of Willstätter and Kraut, 
outlined by Colowick (16). The stock gel suspension was cen- 
trifuged at 10,000 x g for 10 minutes, and the pellet was resus- 
pended in an equal volume of water to obtain the 50 volumes % 
gel used in the aldolase purification. 

Aldolase Assays—A unit of aldolase activity is defined as the 
quantity of enzyme catalyzing the synthesis or cleavage of 1 
umole of fructose-di-P per minute, under the conditions of the 
assays described below. Specific activity is defined as units 
per mg of protein. Protein was determined by the spectro- 
photometric procedure of Warburg and Christian (17). 

All assays were performed at pH 7.5 and 25°. Aldolase prep- 

arations were diluted in 0.1 M glycylglycine, pH 7.5, 0°, — 
ately before assay. When EDTA (always less than 10“ m) 
was present with yeast aldolase, a 1 to 2 times molar excess of 
zinc was added for optimal activity. 

Two assays, based on the spectrophotometric detection of 
triosephosphates formed on aldol cleavage of fructose-di-P, were 
employed. In the first instance, a suitably diluted aliquot con- 
taining 0.01 to 0.1 unit of aldolase was added to a mixture con- 
taining 150 umoles of glycylglycine, 5 umoles of fructose-di-P, 
0.5 umole of DPNH, 5 umoles of cysteine, 300 umoles of potas- 
sium acetate, and 20 ug of crystalline a-glycero-P dehydrogenase, 
in a total volume of 3.0 ml. The decrease in absorbancy at 340 
my was recorded immediately. In the absence of isomerase, it 
was assumed that the oxidation of 1 umole of DPNH (O. D. 
2.07 with a cuvette of 1-cm light path) reflected the cleavage of 
1 pmole of fructose-di-P. 
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For routine measurements, a modification of the hydrazine 
assay described by Jagannathan et al. (8) was employed. A 
suitably diluted aliquot containing 0.03 to 0.3 unit of aldolase 
was added to a solution containing 150 umoles of glycylglycine, 
7 umoles of hydrazine, 5 umoles of fructose-di-P, and 300 moles 
of potassium acetate, in a final volume of 3.0 ml. The activities 
obtained in assay were standardized by the a-glycero-P dehydro- 
genase assay. With equivalent quantities of triosephosphate 
isomerase-free yeast and muscle aldolase, the hydrazine assay 
produced 35 and 47%, respectively, of the optical density ob- 
served with the a-glycero-P dehydrogenase assay. 

In the third assay, the fructose-di-P formed from dihydroxy- 
acetone-P and p-glyceraldehyde-3-P in the presence of the en- 
zyme was detected by the Roe colorimetric test for fructose (18). 
The assay system contained 25 umoles of glycylglycine, 0.5 mg 
of bovine serum albumin, 2 umoles of dihydroxyacetone-P, 0.7 
umole of p-glyceraldehyde-3-P, 50 umoles of potassium acetate, 
and 0.02 to 0.2 unit of yeast aldolase, in a total volume of 0.5 
ml. The reaction was initiated by the addition of aldolase; 
after 1 minute of incubation at 25°, it was stopped by the addi- 
tion of 1.75 ml of 30% HCl. Subsequently, 0.25 ml of resorcinol 
thiourea reagent (0.1% resorcinol plus 0.25% thiourea in glacial 
acetic acid) was added to give a total volume of 2.5 ml. The 
solutions were then heated at 80° for 10 minutes and air-cooled 
to room temperature. The optical density at 520 mu was meas- 
ured with a non-incubated control as a blank, and related to 
fructose-di-P standards (0.015 to 0.15 umole). 

The response in the three assays described is linear with en- 
zyme concentration under the conditions stipulated. In the 
two aldol cleavage assays, the concentration of fructose-di-P 
employed was more than 20 times greater than the K,, in this 
system (19). The concentrations of triosephosphates in the 
fructose-di-P synthetic assay only approximates the K. values, 
because higher concentrations cause marked inhibition (19). 
In the assay of muscle or liver aldolase, potassium acetate may 
be deleted from any of the assay mixtures without affecting the 
response. 

Zinc Analysis—Zinc analyses were performed by the dithi- 
zone procedure of Vallee et al. (20, 21). Solutions were stored 
in polyethylene containers that had been washed with 2 Nn nitric 
acid and previously extracted with a dithizone solution. All 


TABLE I 
Summary of purification procedure for yeast aldolase 
Fractionation step | Recov-| gota mg | Recor 
% % 
Crude extract.......... 523, 100 | 166, 100 3.15 
. Acetone precipitate, 
35-60 saturation........ 425, 81 97,000 58 4.38 
3. Acetone-dry powder. 468, 000 89 76,000 46 6.16 
4. Prot amine supernatant .| 457, 000 87 58,000 35 7.88 
5. Heat supernatant......| 435,000) 83 17, 10 | 25.6 
6. Alumina gel s 
Ist eluate............ 151,000 29 3,2600 2 | 46.3 
2nd eluate ........... 80, 200 15 1,430 0.9 56.1 
3rd eluate ........... 49 ,700 9.5 810 0.5 61.2 
Total alumina gel elu- 
280, 54 5,500 3.3 
7. Combined DEAE-cellu- 
lose fractions........... 116, 22 1,1 0.7105 


Yeast Aldolase 


Vol. 236, No. 12 


water was deionized and twice glass-distilled before use. Suit 
able quantities of a dialyzed sample of aldolase were 

for zinc content, and an equal sample of the dialysate was ugg 
as a blank in the analysis. Three trichloroacetic acid precipi, 
tations were carried out to ensure quantitative removal of ging 
from the protein. 

Physical Methods—Electrophoretic measurements were mag 
at 0.1° in a Pearson electrophoresis apparatus with use of Tiseliys. 
type cells with shear boundaries. The Longsworth scanning 
technique was used. Conductivity measurements were mag 
on the appropriate buffer at 0.1°. 

Molecular weights were determined by the Archibald tech. 
nique as modified by Ehrenberg (22) with the Spinco model E 
analytical ultracentrifuge. The same 12-mm synthetic boundary 
cell (rubber valve) was employed throughout the work. fy. 
periments were conducted at temperatures between 23 and 
26°. Measurements on photographic plates were made by means 
of a Gaertner microcomparator. 


RESULTS 


Purification of Yeast Aldolase—<A procedure for the purification 
of yeast aldolase was developed from the method reported by 
Warburg and Gawehn (4). In addition to minor modifications 
of several fractionation steps, column chromatography on DEAE- 
cellulose was successfully employed. A summary of the puri. 
cation of yeast aldolase is shown in Table I. A more detailed 
description of the purification procedure follows. 

Dry yeast, 1.5 kg, NaHCO,, 45 g, and cysteine hydrochloride, 
93 mg, were mixed with 4.5 liters of deionized water at 25° 
Autolysis was allowed to continue at this temperature for 9 
hours with occasional stirring. The mixture was then cooled to 
5°, and the cell debris was removed by centrifugation. The 
crude extract (2345 ml) was used for further fractionation; it 
could be stored for at least 2 to 3 months at —15° without alter. 
ing the specific activity or behavior in the fractionation pro- 
cedure. 

The crude extract was adjusted to pH 6.8 at 0° with cold 0.1 
N. HCl or NaOH and cooled to about 2°. Acetone fractionation 
was then performed in a room maintained at —15°. Three 
equal portions of 271 ml of acetone at —60° were added to the 
solution to bring the concentration to 35% acetone. Each ace- 
tone addition was made during a period of approximately 2 
minutes, with rapid stirring (total acetone added, 812 ml). A 
20-minute period with occasional stirring was allowed between 
each acetone addition, and after the final acetone addition, | 
hour of equilibration was permitted. The solution was centr- 
fuged at 10,000 x g, —10°, for 30 minutes. The 35% acetone 
precipitate was discarded. An additional 587 ml of acetone at 
— 20° were added to the supernatant solution with rapid stirring 
to bring the solution to 60% acetone. After 1 hour of equilibra- 
tion at —15° with occasional stirring, the solution was centn- 
fuged as before and the supernatant solution was discarded. 
The 60% acetone precipitate was quickly dissolved in 500 to 
600 ml of distilled water at 0°, and the turbid protein solution 
was dried from the frozen state (87 g). The powder could be 


stored at 0° without loss of activity. 


The dry crude enzyme (87 g) was dissolved in 1500 ml of ice- 
cold water. The pH of the solution was adjusted to 7.1 by the 
addition of cold 0.1 * HCl. A 2% protamine sulfate solution, 
70 ml (no pH adjustment), was added carefully with stirring 
during a period of 15 minutes. After equilibration for 30 minutes 
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at 0° with continuous stirring, the solution was centrifuged at 
10,000 x g for 15 minutes at 0°. The precipitate was discarded. 

The supernatant solution was adjusted to 0.05 m cysteine and 
0.01 M ZnSO, by the addition of appropriate quantities of 0.5 m 
cysteine, pH 7.1, and 0.1 u ZnSO, solutions, with rapid stirring 
at 0°. The total volume was 1440 ml. Solid ammonium sul- 
fate, 470 g, was added to bring the solution to 0.4 saturation. 
The solution, in a 3-liter stainless steel beaker, was stirred for 
20 minutes and then heated over an interval of 6 minutes to 66° 
in a water bath maintained at 75-80°. The solution was main- 
tained between 66 and 67° for 11 minutes and then cooled in a 
water-ice bath to 20° within 3 minutes. The mixture was cen- 
trifuged at 10,000 x g for 30 minutes at 0°, and the precipitate 
was discarded. Solid ammonium sulfate, 485 g, was added to 
the supernatant solution (1850 ml) to increase the ammonium 
sulfate saturation to 0.8; the solution was equilibrated with 
stirring for 1 hour. The enzyme activity of this suspension was 
stable when stored at —15° for at least several weeks. 

The ammonium sulfate suspension was thawed, and the pre- 
cipitate was collected by centrifugation at 22,000 x g for 30 
minutes at 0°; and dissolved in 110 ml of cold 0.01 X NH,OH. 
This solution was recentrifuged at 30,000 x g for 30 minutes 
and the precipitate was discarded. The supernatant solution 
was diluted with stirring to 1700 ml with water at 0°. The pH 
of the solution was 6.45. 355 ml of 50 volumes % alumina gel 
suspension was added rapidly to the protein solution with stir- 
ring. After stirring for 30 minutes at 0°, the suspension was 
centrifuged for 15 minutes at 10,000 x g at that temperature. 
The supernatant solution exhibited little activity and was dis- 
carded. The gel was washed with 1500 ml of water at 0° and 
collected by centrifugation at 10,000 x g for 15 minutes. The 
enzyme was eluted by three successive treatments of the gel with 
250 ml portions of a solution consisting of 0.05 m cysteine, 0.01 
u ZnSO,, and 0.01 x NH,OH in 0.3 saturation ammonium sul- 
fate at 0°. The gel was mixed with the eluting solution in a 
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Potter-Elvehjem homogenizer attached to a cone-driven motor. 
After each resuspension, the mixture was centrifuged as before, 
and the supernatant solutions were saved as the first, second, 
and third alumina eluates. These eluates could be stored suc- 
cessfully in 0.8 saturation ammonium sulfate at — 15°. 

Further purification of yeast aldolase was accomplished by 
chromatography on a DEAE-cellulose column at 5°. From 400 
to 600 mg of protein were collected from the ammonium sulfate 
suspension by centrifugation and dissolved in about 9 ml of cold 
0.01 histidine, pH 6.5. This solution was then dialyzed twice 
for 14 hours; each time against about | liter of 0.01 histidine, 
pH 6.5, at 5°. The solution was then immediately placed on a 
properly prepared DEAE-cellulose column (15 g of DEAE-cellu- 
lose powder in a 2.8- X 3l-cm column were washed with 1 liter 
each of 2 u KCl, 0.2 u histidine, pH 6.5, and 0.01 u histidine, 
pH 6.5, in succession). The enzyme solution was carefully 
placed on the column; afterwards, about 50 ml of 0.01  histi- 
dine, pH 6.5, were added, and then gradient elution was begun. 
The system consisted of a 300-ml mixing flask filled initially 
with 0.01 histidine, pH 6.5, and connected with a reservoir 
which contained 0.75 u KCl. Thirteen milliliter fractions were 
collected. Yeast aldolase was eluted from the column within 
tubes 21 to 28. The appropriate tubes of high aldolase activity 
were combined and freeze-dried. Fig. 1 illustrates a DEAE- 
cellulose elution pattern which was obtained by chromatography 
of an alumina eluate. 

The final yeast aldolase preparations contained no measurable 
hexokinase, glyceraldehyde-3-P dehydrogenase, a-glycero-P 
dehydrogenase, or lactic dehydrogenase activities; they were 
also devoid of triosephosphate isomerase activity, an enzyme 
which is difficult to separate from muscle aldolase. 

Instability of Yeast Aldolase Preparations—Although crude 
preparations of yeast aldolase could be stored at 30° at pH 
values from 6 to 9 for extended periods without appreciable loss 
of activity, the enzyme activity became progressively mor- 
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labile with purification. Fractions of highest specific activity 
from DEAE-cellulose columns, for example, frequently lost 50% 
of the aldolase activity within a few hours, and dialysis for ex- 
tended periods has never been performed without extensive loss 
of activity. The addition of crude extracts, protein fractions, 
reducing agents (cysteine, sulfite, dithionite, ascorbate, thioetha- 
nol, etc.), EDTA, or metal ions (Zn'', Feli, Kü) either by them- 
selves or in various combinations did not result in recovery of 
activity. It seemed possible that the apparent instability could 
be caused by proteolytic contaminants; however, no protection 
was achieved by the addition of diisopropy! fluorophosphate; 
mdreover, addition of trypsin, chymotrypsin, or papain did not 
alter the rate of activity loss. Stabilization of the activity of 
highly purified veast aldolase preparations was achieved in high 
salt (0.8 saturation ammonium sulfate) containing 0.01 u EDTA. 

Zine in Muscle Aldolase—Yeast aldolase was assayed semi- 
quantitatively for metal ions by emission spectrographic pro- 
cedures. Zine was shown to be present in significant quantities 
(about I wg of Zn per mg of protein), whereas other divalent 
metal ions (Fe, Mg, Mn, Cu) were detected in traces if at all. 


233 MINUTES 


70.8 MINUTES 


54.7 MINUTES 57.2 MINUTES 


121.3 MINUTES 


121.3 MINUTES 


Fig. 2. Electrophoresis of yeast aldolase. The experiments 
were performed at 0.1° in 7/2 0.1 buffers: histidine buffer, pH 5.50, 
10 mg of protein per ml; glycylglycine buffer, pH 7.50, 4 mg of 
protein per ml. Other pertinent information concerning the 
electrophoretic analysis may be found in “Experimental Proce- 
dure.“ 
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Samples of the enzyme were therefore assayed for zinc by the 
quantitative chemical procedure of Vallee et al. (20, 21). lu 
5.1 and 17 mg, respectively, of two separate aldolase prep. 
arations, 5.2 and 22.6 ug of zinc were found. The minimal mo. 
lecular weight for the yeast aldolase (assuming 1 mole of ging 
per mole of enzyme) is therefore in the range of 50,000 to 
65,000. 

Electrophoretic Analysis—Fractions with specific activity of 
approximately 100 were pooled and solid ammonium sulfate wag 
added to 0.8 saturation. After 1} hours of equilibration with 
stirring, the suspension was centrifuged at 54,000 x g for 13 
minutes, and the precipitate was dissolved in I/ 20. buffer (either 
glyeviglycine at pH 7.5 or histidine at pH 5.5). The solution 
was dialyzed against two changes of 100 volumes of the same 
buffer for 20 hours at 0°. Afterward, the specific activity of the 
protein was less than 10° of the original. The dialyzed protein 
solution was adjusted to the appropriate protein concentration 
with the final dialyzing medium and submitted to electrophoretic 
analysis. Fig. 2 presents the electrophoretic patterns observed 
in the experiments at pH 7.5 and 5.5. A rather prominent 
boundary anomaly is evident in the electrophoretic experiments 
in glycylglycine. This boundary migrated little, if any, during 
the duration of the run, and direct analysis of the fluid in the 
descending arm of the electrophoretic cell indicated the boundary 
did not reflect the presence of protein. The fairly svmmetrical 
gaussian curve at pH 7.5 is suggestive of an “essentially homoge. 
neous” protein with a mobility of —8.5 Xx 10 em? volt see, 
At pH 5.5, on the other hand, the enzyme exhibited à hetero- 
geneous behavior; at least four components were evident. Since 
the enzyme activity is lost very rapidly and irreversibly at this 
pH, the electrophoretic behavior may reflect denaturation and 
dissociation of the protein. 

Other zine-containing proteins have been shown to dissociate 
at acidic pH. Carboxypeptidase, for example, readily loses 
zinc at pH values below 5.5 (23). Unlike yeast aldolase, how- 
ever, the enzymatic activity of carboxypeptidase is restored by 
the readdition of zine ions. 

Sedimentation Behavior—A control sedimentation analysis of 
muscle aldolase (Fig. 3a) showed a homogeneous peak, 829, » 7.13 
at 0.8% protein concentration, which is within the range of 
values reported by Taylor, Lowry, and Keller (24). A yeast 
aldolase preparation with a specific activity of 115 exhibited a 
single sedimenting boundary (Fig. 3b) corresponding to a sedi- 
mentation coefficient 820. % of 4.90 at 0.8% protein. Other 
sedimentation experiments were carried out in a medium con- 
taining EDTA with alumina eluate fractions of specific activity 
70 to 90, since the enzyme activity was retained during the course 
of the experiments. In these experiments, two peaks appeared 
(Fig. 3c), the major peak corresponding to that observed with 
the more pure preparations (Fig. 30). A plot of the sedimenta- 
tion coefficients as a function of protein concentration for the 
major peak is presented in Fig. 4; an 82, of 5.4, was obtained. 
The minor peak has an 829, » of 11.59 and 9.95 for 0.55 and 1.75% 
protein concentrations, respectively. If the enzyme solutions 
were allowed to incubate in the sedimentation medium (0.1 M 


O. OI M EDTA-0.02 u phosphate, pH 6.9, T/2 0.18) for 2 


to 3 hours at 25°, the enzymatic activity was lost, and the sedi- 
mentation coefficient of the major peak was lowered considerably 
(witness the closed points on Fig. 4). Neither the relative sis 
nor the sedimentation coefficient of the minor peak was in 

by this treatment. 


ASCENDING DESCENDING 
pH 7.50 
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‘oti 
Fic. 3. Sedimentation behavior of aldolases. Sedimentation 
velocity analysis at 59,780 r.p.m.: A, crystalline muscle aldolase, 
specific activity, 20; 8.0 mg per ml in 0.06 M phosphate, pH 6.8; 
photographs at 16-minute intervals. B, yeast aldolase, specific 
activity before run, 115; 8.0 mg per ml in 0.05 u histidine-0.08 m 


Molecular Weight of Yeast Aldolase—The weight average 
molecular weights of several separate yeast aldolase preparations 
were determined as described in the experimental procedure. 
The technique employed was checked experimentally by a de- 
termination of the molecular weight of a crystalline rabbit 
muscle aldolase preparation. In a single experiment at 0.8% 
protein concentration, a molecular weight of 161,000 to 164,000 
was obtained. This value may be compared to 149,000 g. which 
was derived by Taylor et al. from sedimentation and diffusion 
data (24). 

A yeast aldolase preparation with a specific activity of 115 
yielded molecular weights between 66,500 and 73,500 (average 
70,000) in 10 separate determinations at two protein concen- 
trations (1.05 and 1.74%). In these experiments, the variation 
in calculated values of molecular weights seemed random, i.e. 
there was no apparent decrease in apparent molecular weight 
with increasing time of the run. 

In other experiments, in which the enzyme had been allowed 
to stand several hours at 25°, so that enzyme activity was lost, 
the apparent molecular weight was markedly lower. In eight 


separate determinations at protein concentration from 0.6 to 
1.35% and with two separate preparations, the apparent molecu- 
lar weight varied from 41,500 to 51,500. The latter observations 
together with the lowered sedimentation coefficients obtained 
after standing at a moderate temperature suggests that a modi- 


KCl, pH 6.5; photographs at 16-minute intervals. C, yeast aldo- 
lase, alumina eluate fraction, specific activity, 85; 17.5 mg per ml, 
in 0.1 u KC1-0.01 u EDTA-0.02 u phosphate, pH 6.9; photographs 
at 8-minute intervals. 


fication of molecular structure may occur in dilute salt solutions 
even at moderate temperatures. It is possible that these changes 
are associated with a loss of zine from the protein under these 
conditions. 

Effect of EDTA and Divalent Metal Ions on Enzyme Activity— 
The activity of yeast aldolase is inhibited by EDTA and this 
inhibition is reversed by Zn" ions (Fig. 5), whereas the activity 
of muscle aldolase is indifferent to the presence of EDTA. At 
the high level of EDTA required to achieve essentially complete 
inhibition of activity, only a partial reactivation by ZnSO, 
could be obtained. Excess zine ions caused an inhibition of 
activity. However, when the enzyme was preincubated in high 
concentrations of EDTA (10 1 m) at pH 7.0 and diluted so that 
lower concentrations (10 M) of EDTA were present in the assay, 
full reactivation could be readily obtained by the addition of 
ZnSO, (2 X 10 U). At optimal concentrations, both Fell and 
Coll were only partially effective in reversing inhibition by 
EDTA. 

In all stages of the isolation procedure, maximal activity was 
observed in the absence of metal ions. Zn II, Colt and Fell salts, 
all inhibited when added in concentrations greater than 10 M, 
and even at lower concentrations on prolonged incubation with 
the enzyme. No activation of enzyme activity by metal ions 
in the absence of chelating agents has been observed. There 
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Fic. 4. Sedimentation coefficients of yeast aldolase. O, fresh 
preparations; @, aged preparations (23-26° for more than 2 
hours). Sedimentation coefficients have been corrected to stand- 
ard conditions (20°, and pure water as the solvent). 


is, thus, no evidence that the zinc in yeast aldolase dissociates, 
even in the presence of chelating agents. 

Activation by Potassium Ions—Greater than 100% recovery 
of yeast aldolase activity was routinely achieved upon elution of 
DEAE-cellulose columns with KCl according to the last step in 
the purification procedure. Subsequent investigation showed 
this effect was a result of a stimulation of the enzyme activity by 
potassium ions (Table II). Stimulations of 7, 10, and 12-fold 
were achieved in the a-glycero-P, hydrazine, and fructose-di-P 
synthetic assays, respectively. These stimulations were evi- 
dent with enzyme obtained at all stages of purification. Since 
the first two assays are performed at concentrations more than 
two orders of magnitude greater than the K., of fructose-di-P, 
the stimulatory effects of potassium cannot be ascribed to an 
influence of this ion on the A,,, but must reflect a more direct 
role in the catalytic activity (Vas) of the yeast enzyme. 

A summary of the effects of various salts as a function of 
concentration is shown in Fig. 6. Maximal activity is observed 
with potassium fluoride or acetate at a final concentration of 0.1 
m. The lower activity obtained with other potassium salts in- 
dicates a modifying effect of the anionic species. Sodium and 


in this system. Furthermore, it was shown that the action of 
potassium ions is independent of the ionic strength of the me. 
dium, and not affected by the presence of sodium ions. Appro- 
priate experiments have shown no activation of crystalline mys. 
cle or liver aldolases by potassium ions. 

Enzyme activity in all the assay systems appears maximal at 
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Fic. 5. Activity of effect of EDTA on yeast and muscle aldo- 
lases. Enzyme activity (hydrazine assay) was detected kineti- 
cally with a Cary spectrophotometer. Activity is expressed in 
terms of the increment in optical density at 240 my per mg of pro- 
tein. The EDTA levels were 2 Xx 10°-* M and 6.7 X 10°? M for 
muscle (MA) and yeast (YA) aldolases, respectively. The zine 
sulfate level was 4 X 10-3 u. 


TABLE II 
Potassium stimulation of yeast aldolase activity 


Aldolase activity 
Assay system Stimulation 
Potassium No potassium] 
acetate, 0.1 u acetate 
units/mg -fold 
1. Fructose-di-P synthesis. 44.2 3.55 12.4 
2. Fructose-di-P cleavage: 

a. Hydrazine................ 42.7 4.12 10.4 
b. Coupled a-glycero-P dehy- 

drogenase................. 52.9 7.52 7.0 


Assay systems are described in Experimental Procedure.” 


lithium salts at various concentrations were completely inactive The enzyme employed was an alumina eluate fraction. 
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Fic. 6. Effect of various salts on yeast aldolase activity. Yeast aldolase enzymatic activity was measured by the hydrazine 
assay. The enzyme used was an alumina eluate fraction which had a specific activity of 42 (maximal activity). 


pH 7.2 to 7.4. The catalytic activity of yeast aldolase is, how- 
ever, unusually sensitive to the buffer species present in the 
assay system. Most buffers are inhibitory; as shown in Fig. 7, 
aldolase activity in the presence of imidazole, phosphate, and 
Tris buffers is always less than that observed in the absence of 
buffer. Glycylglycine on the other hand appears to stimulate 
activity with increasing concentration. Enzyme assays are 
therefore routinely carried out in 0.05 m glycylglycine buffer at 
pH 7.3 and with 0.1 M potassium acetate. 


DISCUSSION 


The catalytic activity of the present preparation approximates 
that of the crystalline preparation of Krebs and Vanderheiden 
(25). It is difficult to compare quantitatively the present prep- 
aration with the “crystalline” yeast aldolase of Warburg and 
Gawehn (4) because of the difference in assay conditions, but it 
is pertinent that the assay employed by these investigators con- 
tained approximately 0.04 m potassium ions and a favorable 
buffer ion (glycine). The best reported preparations of War- 
burg and Gawehn have a specific activity of 17 at 20° (in the 
presently defined units), and may be compared with prepara- 
tions obtained in this work having specific activities of 70 to 
75 at this temperature. The specific activity of highly purified 
Aspergillus niger aldolase (8) is similar to the yeast aldolase 
preparations of Warburg and Christian, but this may also be 
misleading, since it is possible that the Aspergillus enzyme is 
potassium-activated. The specific activity of yeast aldolase is 
about three times greater than the muscle aldolase, and the 
turnover number is still somewhat greater (assuming one cata- 
lytic site per molecule, and molecular weights of 70,000 and 
150,000 for yeast and muscle aldolase, respectively). 

Yeast aldolase is a highly negatively charged molecule at pH 
7.5 (u = -—8.5 X 10-5 cm? valt- sec-i) . The Aspergillus al- 
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Fic. 7. Effect of various buffers on yeast aldolase activity. An 
alumina eluate fraction was assayed as described in Experimental 
Procedure, (hydrazine assay) except that the various buffers 
were used at the concentrations indicated. @—®@, glycyl- 
glycine; O——O, imidazole; Xx——-X, Tris; A——A, phosphate; 
all buffers were adjusted to pH 7.5. 


dolase, which also contains zinc, is reported to have a mobility, , 
of —5.4 X 10-5 cm? volt- sec at pH 7.6 in 7/2 0.2 phosphate 
buffer (8). On the other hand, liver and muscle aldolase have 
only slightly negative mobilities (—0.57 and —1.6 x 10-5 cm? 
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volt-! sec“, respectively, at T/2 0.1 phosphate, pH 7.5). Vel- 4. The catalytic activity is inhibited by chelating agents ang 


ick (26) has shown that the strong dependence of the net elec- 
trical charge of muscle aldolase is associated with a binding of 
buffer anions, especially phosphate. It is not known whether the 
yeast enzyme binds phosphate ions strongly, but it is pointed 
out that the large negative mobilities were observed in glycyl- 
glycine buffer. It seems likely that the large difference in elec- 


reversed by the addition of certain divalent metal ions. 

5. The highly purified aldolase preparations contain 1 g atom 
of zine per 50,000 to 65,000 g of protein. 

6. Potassium ion specifically stimulates the catalytic activity 
7- to 12-fold depending on the assay system used. The potas. 


sium activation is independent of the ionic strength, and of 


trophoretic mobility between the type I (liver, muscle) and the added sodium ions. 
type II (yeast, A. niger) aldolases may be attributed to basic 
differences in the molecules themselves. REFERENCES 
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Aldolases derived from various sources may be conveniently 
segregated into two types on the basis of the effect of metal- 
chelating agents on their catalytic activity (1). For example, 
the activity of highly purified yeast aldolase (type II) is inhibited 
by chelating agents, and contains zinc apparently as an integral 
part of the enzyme. It has also been shown that this enzyme is 
specifically activated by potassium ions (2). On the other hand, 
the activity of muscle aldolase (type I) is indifferent to chelating 
agents, does not contain significant quantities of divalent metal 
ions, and is not activated by potassium ions (2). It is con- 
ceivable that the differences noted are reflections of distinctive 
active sites or, alternatively, only dissimilarities in the over-all 
structure of the molecules, the active sites remaining essentially 
equivalent. A more comprehensive analysis of the catalytic 
properties of yeast and muscle aldolase should resolve this ques- 
tion. In the present report it is shown that the muscle and 
yeast enzyme have characteristically different specificities, pH 
profiles, temperature dependence, and response to the action of 
carboxy peptidase. 

EXPERIMENTAL PROCEDURE 


Chemicals—The crystalline cyclohexylamine sulfate salt of 
fructose-di-P was prepared (3) from a sample of dibarium fruc- 
tose-di-P procured from Schwarz BioResearch Inc. Sorbose-1-P 
and sorbose-1 ,6-diphosphate were kindly supplied by Dr. Henry 
A. Lardy. Fructose-1-P was cordially supplied by Dr. Carl S. 
Vestling; in addition, this compound was obtained from Sigma 
Chemical Company. Fructose-6-P was obtained from Schwarz 
BioResearch, Inc. The barium salts of the above compounds 
were converted to the sodium salts by treatment with Dowex 50- 
H“, followed by neutralization with NaHCOs. 

In the experiments reported, the p isomer of glyceraldehyde- 
3-P was used exclusively. Samples of p-glyceraldehyde-3-P as 
well as dihydroxyacetone-P were graciously donated by Dr. 
Clinton Ballou; in addition, these compounds were synthesized 
according to the procedures of Ballou and Fischer (4, 5). The 
products obtained compared favorably with the published analy- 
sis; in particular, there was no detectable contamination of 
glyceraldehyde-3-P with dihydroxyacetone-P or vice versa. 
Acetol phosphate was synthesized by an independently developed 
procedure resembling that recently reported by Sellinger and 
Miller (6). The sources of other compounds employed has been 
cited (2). 


* This investigation was supported in part by Grant C-3986, 
National Institutes of Health, United States Public Health Serv- 
ice. The data are taken from a dissertation submitted by Oliver 
C. Richards in February 1960 to the Graduate College of the Uni- 
versity of Illinois in partial fulfillment of the requirements for the 
degree of doctor of philosophy. 


Enzyme Assays—The assays for aldolase activity were per- 
formed at pH 7.5, 25°, according to procedures previously de- 
scribed (2). One unit of aldolase activity was defined as that 
amount of enzyme catalyzing the aldol synthesis or cleavage of 
1 umole of fructose-di-P per minute under the conditions of the 
assay. 

The aldolase-catalyzed hydrogen exchange between dihydroxy- 
acetone-P and water was detected according to the convenient 
oe isotope developed by Rose and Rieder 

). 

A stock supply of stereospecifically tritiated dihydroxyace- 
tone-P was obtained by incubation of 55 wmoles of dihydroxy- 
acetone-P with 4.5 mg of triosephosphate isomerase-free muscle 
aldolase at pH 7.5 in a medium containing tritiated water (6 x 
10e. p. m. per umole of water), 1 ua EDTA, and glycylglycine, 50 
umoles, in a total volume of 1 ml. After 10 minutes incubation 
at 25°, the solution was deproteinized by the addition of 5 ml of 
ethanol, and the supernatant solution placed on Dowex 1-chloride 
column (200 to 400 mesh, 3.5 X 2.4 cm). The column was 
washed with 0.001 * HCl until the eluate was essentially free of 
radioactivity. The tritiated dihydroxyacetone-P was then 
eluted with 0.03 & HCl. Fractions were assayed for dihydroxy- 
acetone-P quantitatively in a system containing excess a-glyc- 
ero-P dehydrogenase and DPNH. Tritium analyses were 
performed directly on 0.5 ml aqueous aliquots with the Kinard 
scintillator mixture (8) and a Packard Tri-Carb liquid scintilla- 
tion spectrometer. The counting efficiency with this procedure 
is about 7%. The dihydroxyacetone-P obtained (3 x 1005 c. p. m. 
per umole) was diluted with cold dihydroxyacetone-P to about 
2 X 10° c.p.m. per umole for use in the exchange experiments. 
The detritiation of dihydroxyacetone-P was measured both by 
the change in specific activity of dihydroxyacetone-P on incuba- 
tion, and by the accumulation of tritiated water during the 
reaction. The rates of detritiation actually follow first order 
kinetics; the rates are, however, corrected to initial velocities 
(micromoles per minute). 

At the high dilutions (0.05 to 0.09 unit of aldolase) employed 
there was marked loss of yeast aldolase and significant loss of 
muscle aldolase exchange activity during the course of the ex- 
periments. Addition of bovine serum albumin at a final con- 
centration of 1 mg per ml prevented the loss of activity, and was 
routinely added to experimental systems in which it was effica- 


cious. 

Triosephosphate isomerase activity was assayed by the rate 
of conversion of glyceraldehyde-3-P to a-glycerol-P in the pres- 
ence of excess a-glycero-P dehydrogenase and DPNH. The 
system contained 1.1 ywmoles of glyceraldehyde-3-P, 0.5 umole of 
DPNH, 5 umoles of cysteine, 150 wmoles of glycylglycine, pH 
7.5, 20 ug of crystalline a-glycero-P dehydrogenase, solution 
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Fic. 1. Separation of triosephosphate isomerase activity from 
aldol cleavage activity of crystalline rabbit muscle aldolase by 
DEAE-cellulose chromatography. Rabbit muscle aldolase first 
_ erystals (300 mg of protein) were collected by centrifugation from 
0.52 saturated ammonium sulfate solution dissolved in 5 ml of 
H:O and dialyzed against three changes of 200 volumes of 0.005 M 
phosphate, pH 7.2. The dialyzed solution, 14.8 ml, was then 
placed on a column (23 X 2.8 cm containing 12 g of DEAE cellu- 
lose) and eluted with a 0.005 m phosphate, pH 7.2-0.2 M KCl gra- 


containing 0.01 to 0.1 unit of isomerase, and water to 3.0 ml. 
One unit of triosephosphate isomerase activity was defined as 
that amount of enzyme facilitating the conversion of sufficient 
glyceraldehyde-3-P to dihydroxyacetone-P to allow oxidation of 
1 umole of DPNH per minute under the assay conditions stated 
at pH 7.5, 25°. 

Enzymes—Highly purified yeast aldolase was isolated as pre- 
viously described (2). The specific activity of the preparations 
employed varied from 85 to 115; triosephosphate isomerase ac- 
tivity could not be detected ((aldolase activity) /(isomerase 
activity) > 10). 

Muscle aldolase was isolated by the method of Taylor et al. 
(9). Triosephosphate isomerase activity was present even after 
several recrystallizations. It was found that the isomerase ac- 
tivity could be effectively removed on a DEAE-cellulose column, 
as shown in Fig. 1. The aldolase passes directly through the 
column under these conditions while the triose isomerase is 
retained. In practice, it was found most convenient to use re- 
crystallized muscle aldolase that had been twice washed accord- 
ing to the procedure of Beisenherz et al. (11) for DEAE-cellulose 
chromatography. Under these conditions, the DEAE eluate 
representing 50% of the added aldolase contained no detectable 
isomerase activity ((aldolase activity) /(isomerase activity) > 
10‘). The specific activity of the muscle enzyme under condi- 


tions defined previously was 20. Crystalline a-glycero-P de- 


hydrogenase was purchased from Sigma Chemical Company. 
Carboxypeptidase recrystallized from a solution containing 
diisopropyl] fluorophosphate and containing little if any trypsin 
or chymotrypsin was procured from Worthington Biochemicals 
Corporation. The concentration of this enzyme was determined 


dient, as described in ‘‘Experimental Procedure. Nine milli 
liter fractions were collected and assayed for aldol cleavage 
activity, ——, (hydrazine assay (2)), triosephosphate isomerase 
activity, - and protein,... (2). In the fractions meas. 
ured, 83% of the initial protein and 88% of the initial activity were 
recovered. In Fractions 9 to 11, which are essentially triosephos- 
phate isomerase-free, 40% of the initial protein and 47% of the 
initial activity were recovered. 


by ultraviolet adsorption (optical density at 280 my/2.3 equals 
milligrams of carboxypeptidase per ml). 


RESULTS 


Effect of Temperature on Aldol Cleavage Reaction—The effect of 
temperature on the aldol cleavage activity of yeast and muscle 
aldolase was measured with the hydrazine assay system. As 
shown in Table I, there is a marked difference in the heat stabil- 
ity of the enzymes; yeast aldolase is unstable at temperatures 
above 35°, whereas the muscle enzyme is apparently unaffected 
at 45°. Even in the range of temperature stability, the Arrhenius 
plots for both enzymes are concave downwards, indicating a de- 
gree of dependence of the energy of activation on the tempera- 
ture. An approximate fit of the data for the region from 20° to 
35° yields values for the energy of activation of 14,250 and 17,300 
calories per mole for yeast and muscle aldolase, respectively. 
Using the same assay system, Drechsler et al. (10) have reported 
an energy of activation close to 16,000 calories per mole for both 
native and carboxypeptidase-degraded muscle aldolase. This is 
considered acceptable agreement considering the curvature of the 
Arrhenius plots. Beisenherz et al. (11), who employed the 
a-glycero-P dehydrogenase assay, present data corresponding to 
an energy of activation of approximately 15,000 calories for the 
muscle aldolase system. Jagannathan et al. (12) report data for 
Aspergillus niger aldolase (glyceraldehyde-3-P dehydrogenase 
assay) which suggest an energy of activation of about 14,500 
calories. It is interesting that the A. niger enzyme, like the 
yeast enzyme, is labile to temperatures higher than 35°. The 
absolute values for the energy of activation vary considerably 
with the various conditions employed in the assay, but when com- 
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TABLE I 
Effect of temperature on activity of yeast and muscle aldolase 
Turnover numbers (moles of fructose-di-P cleaved per minute 
per mole of enzyme) are based on molecular weights of 70,000 for 
t and 150,000 for muscle aldolases. Catalytic activity was 
measured with the hydrazine assay (2). Values are corrected 
by a factor obtained by converting the experimental specific ac- 
tivity with fructose-di-P at 30° (83.2 for yeast aldolase prepara- 
tion and 18.6 for muscle aldolase) to the specific activities ob- 
tained with the best preparations of these enzymes (150 for yeast 
aldolase, 38.6 for muscle aldolase). 


Turnover No. 
Yeast aldolase Muscle aldolase 
20° 4,600 1,900 
24.5° 6,900 3,100 
30° 10,500 5,700 
35° 13,300 8, 800 
38° 13, 300 11,300 
39.5° 10,600 12,700 
44° 5,100 17,000 


— T 


parisons are made of similar systems, the muscle enzyme ap- 
pears to have a significantly higher energy of activation than the 
yeast enzymes. 

According to the absolute reaction rate theory, the rate of the 
reaction is directly related to the free energy of activation, AF*, 
of the rate-limiting transition state. The calculated AF* is of 
the order of 15,000 calories for the aldolases, the AF* of the yeast 
enzyme being about 250 calories lower than the muscle aldolase. 
The difference in the enthalpy of activation AH* of the two 
enzyme-catalyzed reaction would be the same as the difference 
between the energies of activation of the two systems (2,750 
calories) and considerably larger than the discrepancy of AF* in 
the two processes. This implies that the entropy of activation, 
AS* of the rate-limiting transition step of the muscle aldolase- 
catalyzed reaction is significantly more positive than that of the 
yeast aldolase-catalyzed process. 

Effect of pH on Aldol Cleavage and Hydrogen Exchange Reac- 
tions—In addition to the aldol cleavage of fructose-di-P, both 
yeast and muscle aldolase catalyze a stereospecific hydrogen 
exchange between dihydroxyacetone-P and water of the medium 
(13-15). The influence of pH on both activities was determined 
in this study. The exchange reaction was measured by the 
detritiation of specifically labeled dihydroxyacetone-P (see Ex- 
perimental Procedure“) and the over-all activity by the synthesis 
of fructose-di-P from dihydroxyacetone-P and glyceraldehyde-3-P 
(2). The latter assay was chosen in order to exclude the possi- 
bility of an effect on the coupled detection system, since the pH 
optima previously reported in the literature have varied with 
the assay employed (1). 

As shown in Fig. 2, the pH profiles of the reactions catalyzed 
by yeast and muscle aldolase differ markedly. The aldol 
synthetic activity of muscle aldolase is practically constant in 
the pH range 9 to 6, then tails off somewhat below pH 6. The 
hydrogen exchange activity also has a broad optimum in the 
region of pH 9 to 7 decreasing to about half this activity from 
pH 7 to 6, and then remaining essentially constant from pH 6 to 
5. In the higher pH regions, the exchange activity is distinctly 
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greater than the aldol cleavage activity, but the reverse is true 
in the pH 6 to 6.5 region. 

The aldol synthetic activity of the yeast enzyme is optimal 
at pH 7.0 to 7.5 with pronounced loss of activity on either side 
of this region; the exchange activity on the other hand, shows a 
rather more sharp optimum at pH 6.0. In marked contrast to 
the muscle enzyme system, the exchange activity of yeast enzyme 
is greater than the over-all synthetic activity at pH values below 
6.0 and less at pH values above 7.0; at pH 8.0 for example, the 
exchange activity is only 20% the rate of the over-all reaction. 

It is emphasized that these experiments were performed at 
substrate concentrations approximating the K. values. This 
was essential in the assay of the over-all reaction since there was 
marked substrate inhibition at higher concentrations of triose 
phosphates (that was not overcome by manipulation of the 
ratios of dihydroxyacetone-P and glyceraldehyde-3-P). The pH 
profile in each case could, therefore, be a reflection of the X. 
or Vmax Of the system. However, at least above pH 6.5, similar 
profiles to those presented in Fig. 2 were obtained for the aldol 
cleavage reaction with both yeast and muscle aldolases, by use 
of extrapolated Fus values obtained with both the hydrazine 
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Fic. 2. Influence of pH on catalytic activities of yeast and 
muscle aldolase. Aldolase activities are expressed as micromoles 
of tritium lost from dihydroxyacetone-P, or fructose-di-P synthe- 
sized per minute per mg of protein. The buffers were maleate 
(pH 5.0 to 7.5) and glycylglycine (pH 7.5 to 9.0). Aldol synthetic 
activity was measured during 1-minute incubation periods (2). 
Exchange reactions were performed in 1.0 ml containing 45 wmoles 
of buffer, 1.3 moles of dihydroxyacetone-P (15,000 to 19,000 
¢.p.m. per ymole), 1 mg of bovine serum albumin, 0.07 to 0.14 
unit of muscle or yeast aldolase (hydrazine assay), plus 100 wmoles 
of potassium acetate and 1 ymole of zinc sulfate in the yeast aldo- 
lase reaction. All reactions were performed at 24-25°. 
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and a-glycero-P dehydrogenase assays. The differences in the 
pH profiles, therefore, imply different dissociable groups at the 
catalytic site, or in a sensitive structural region producing con- 
formational changes at the catalytic site. The exchange and 
aldol synthetic activities were carried out at similar dihydroxy- 
acetone-P concentrations. The dissimilarity of the pH profiles 
(for both reactions) therefore clearly reflect difference in the two 
processes and suggest an important interaction of glyceralde- 
hyde-3-P with other dissociable groups in the system. 

The pronounced influence of pH on the yeast-catalyzed reac- 
tions prompted a study of the pH dependence of the potassium 
activation of the yeast system. The experiments were per- 
formed with a yeast aldolase which had been previously exposed 
to 0.01 m EDTA. As shown in Fig. 3, the exchange activity 
under these circumstances is completely dependent on the addi- 
tion of zinc, at all pH values; this confirms and extends the initial 
observations of Rose and Rieder (7). In addition, potassium 
ion stimulates the exchange at all pH values, the magnitude of 
the stimulation is 2.5- to 6-fold; maximal stimulation being ob- 
tained at pH values less than 6. The pH optimum of the ex- 
change system is not markedly altered by potassium although it 
may be lowered a few tenths of a pH unit. The pH optimum for 
over-all activity also remains at 7 to 7.5 in the absence of K 
ions. Thus, the observed stimulation by potassium cannot be 
ascribed to an adventitious alteration of the pH profile. It is 
perhaps significant that the degree of stimulation by potassium 
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Fic. 3. Influence of pH and cofactor requirements on exchange 
activity of yeast aldolase. An alumina eluate, specific activity 
56 (hydrazine assay), was used as a source of yeast aldolase. The 
stock enzyme solution was prepared in 0.01 m EDTA and 6.5 X 107? 
u phosphate, pH 7.0. Exchange reactions (see Experimental 
Procedure) were performed as described in Fig. 2. In each case, 
enough yeast aldolase was added to provide a rate of 0.14 umole 
of fructose-di-P cleaved per minute (hydrazine assay). 
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ion is considerably lower for the exchange than for the over. all 
reaction. 

Substrate Speciſicit Although there is considerable qualita. 
tive data on the specificity of muscle aldolase, quantitative data, 
especially in terms of Michaelis constants and maximal velocities 
are available for only a few compounds. No data concerning 
the specificity of the yeast enzyme have been previously reported. 
The present studies were confined to a limited number of com. 
pounds that differ from the natural substrates in the following 
aspects: position and number of phosphate groups, the presence 
and stereochemical position of certain of the hydroxy] groups, 
and the conformation of the molecules. 

Where possible, Michaelis constants and maximal velocities 

were determined, but when the reactions were too slow for an 
evaluation of these parameters, inhibitor constants were usually 
determined and limits placed on the velocities relative to frue- 
tose-di-P. A summary of the data obtained is presented in 
Table II. Some of the data for the muscle enzyme may be com- 
pared with previously reported values. The relative rate with 
fructose-1-P (rate fructose-1-P/rate fructose-di-P = 0.013) is in 
satisfactory agreement with the relative rate of 0.02 reported by 
Drechsler et al. (10), especially since somewhat different assays 
were employed. However, the single rate measurements re- 
ported by Tung et al. (16) for fructose-1-P as well as sorbose-1-P 
and sorbose-1 ,6-diphosphate are all about 10 times higher than 
the maximal velocities reported here. This discrepancy has not 
been resolved. The evaluation of maximal velocities and 
Michaelis constants for dihydroxyacetone-P and glyceralde- 
hyde-3-P is difficult due to the previously mentioned substrate 
inhibition. The same maximal velocities were obtained by 
independent variation of dihydroxyacetone-P and glyceralde- 
hyde-3-P concentrations, and by maintaining the ratio constant 
of dihydroxyacetone-P to glyceraldehyde-3-P and varying the 
total triose phosphate concentration in the systems. The sub- 
strate inhibition caused at higher concentrations of dihydroxy- 
acetone-P or glyceraldehyde-3-P is not affected markedly by 
varying the ratio of the two substrates. It is also emphasized 
that the data for pi-glyceraldehyde no doubt are composite 
values, since both isomers are substrates (16). 

Inspection of the data shows at once that the yeast enzyme 
has stringent substrate specificity. The most favorable sub- 
strate analogue (sorbose-di-P) supported a rate about three 
orders of magnitude less than fructose-di-P. Sorbose-di-P be- 
haved as a typical competitive inhibitor with a K. of the same 
order of magnitude as the K,, of fructose-di-P. This fact sug- 
gests that the large discrepancy in catalytic rates is not caused 
by a failure of interaction of the compound with the enzyme but 
rather to the formation of a relatively inactive complex. The 
same general argument probably applies to the other compounds 
tested 


As might be expected muscle aldolase has considerably less 
rigorous structural requirements than the yeast enzyme. Even 
so, the removal of the phosphate group in C-6 as in fructose-1-P, 
or the change of configuration of C; hydroxyl as in sorbose 
phosphates lowers the activity by one to two orders of magni- 
tude. 

The K., and K. values for sorbose-1-P are about one-tenth 
those for fructose-1-P in both the muscle and yeast systems. 
This suggestion of stronger binding may really be a reflection of 
different conformational forms of these substrates present in 
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II 
Substrate specificity of yeast and muscle aldolase 
3 | | Muscle | Yeast 
Substrate (s) Assay | 1 * 
| Km Vmax — Kn Fax“ K. — ry 
| 
p-Fructose-1, G- di· P 1 | 1.5% 10 6, 250 3.7 X 10 | 12,700 1 
2 1.0 * 10% 6, 350 2.4 X 1012, 200 

1. Sorbose I, 6-di-P 2 | 44x 10 300 0.064 1.3 10 0.0014 
p-Fructose-1-P 2 6.3 X 10° 70 0.013 1 x10 0.0004 
L-Sorbose-1-P 2 6 X10* 986 0.017 2 x10 0.0002 
p-Fructose-6-P ee | 0.0001 3.8 * 10-3 0.0001 
Dibydroxyacetone-P + glyceraldehyde- 3 1 10 2.4 10-3 

* 4 10= 16,000 2.8 2 „ 10 37-800 3.0 
Dihydroxyacetone-P + bi-glyceralde- 3 2 „ 10-8 | 70 0.017 1 x10? 1¹ 0.0003 

hyde | 
Dihydroxyacetone + glyceraldehyde- | 3 | <0.0001 <0.0001 

3-P | 
Acetol phosphate + glyceraldehyde- 3 | (40. 0003) | (<0.0006) 

3-P | | 


* Moles of fructose diphosphate formed or cleaved per minute per mole enzyme, assuming molecular weights of 70,000 for yeast, and 


150,000 for muscle aldolase. 


solution, a point which will be considered in more detail in the 
discussion. 

With both enzymes the dihydroxyacetone-P moiety seems a 
fairly rigid requirement. No detectable reaction was observed 
with either glucose-6-P, or free dihydroxyacetone in the presence 
of optimal concentrations of glyceraldehyde-3-P. The very 
slow reaction of acetol phosphate in both enzyme systems is 
additional evidence for this conclusion. The rates obtained with 
acetol phosphate in the presence of glyceraldehyde-3-P are only 
tentative since they are based on the presumed formation of a 
color by the product (3-deoxyfructose-1 ,6-di-P) in the Roe test. 
A more definitive test measured the enzyme-catalyzed tritium 
incorporated from tritiated water into acetol phosphate. Under 
conditions that would allow a maximal exchange rate for di- 
hydroxyacetone-P, acetol phosphate was incubated with the 
muscle enzyme. An enzyme-catalyzed incorporation was ob- 
served (about 0.015 umole of tritium incorporated per minute 
per mg of aldolase), approximately three orders of magnitude 
lower than that obtained with dihydroxyacetone-P under com- 
parable conditions. The rate was so slow, however, that trace 
enzymatic contaminants, not aldolase, could be responsible for 
the exchange observed. 

Effect of Carboxypeptidase on Aldol Cleavage and Exchange Ac- 
tivities—Drechsler et al. (10, 17) have shown that carboxypepti- 
dase treatment of muscle aldolase yields a product with approxi- 
mately 7% the aldol cleavage activity of the untreated control. 
The effect of carboxypeptidase on both the aldol cleavage and 
exchange activities of muscle and yeast aldolases have been 
investigated. The results of a typical experiment are presented 
in Table III. In confirmation of Drechsler et al. carboxypepti- 
dase treatment of muscle aldolase yielded a product with about 
6% the original aldol cleavage activity. In contrast, the ex- 
change activity is almost completely destroyed; there is only 
0.1% residual exchange activity after carboxypeptidase treat- 
ment. Thus, the two activities have been dissociated by car- 


TABLE III 


Effect of carbozypeptidase on catalytic activity of yeast 
and muscle aldolase 

Molar ratios are expressed as moles of aldolase to moles car- 
boxypeptidase. A ratio of infinity denotes a control sample in 
which no carboxypeptidase is added. Incubations with carboxy- 
peptidase were performed at 25° in 1.0 ml containing 5 X 10-* u 
aldolase (muscle or yeast) and carboxypeptidase at the ratio in- 
dicated, 2 umoles of EDTA, 10 mg of LiCl, and 10 umoles of phos- 
phate, pH 7.5. Muscle and yeast aldolase (specific activities, 
18.6 and 56, respectively) were diluted from more concentrated 
solutions in 0.1 u phosphate plus 0.001 M EDTA at 0°. Carboxy- 
peptidase dilutions were made in 10% LiCl; also at 0°. Samples 
were removed at the designated times for assay of aldol cleavage 
(hydrazine assay) and exchange activities (see Experimental 
Procedure, and legend, Fig. 2). 


„„ Initial activity 
Source cleavage 100 
cleavage Exchange 
min % 

Muscle 00 0 100 100 100 
0. 2000 3 81 75 93 
0.2000 13 23 16 71 
0.2000 23 10 6 65 

0.2000 180 6 0.1 0.02 
00 180 96 91 95 
Yeast 00 0 100 100 100 
0.8 18 100 | 106 106 
0.8 40 93 95 97 
0.8 210 86 76 78 
00 210 86 68 69 
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boxypeptidase treatment in this enzyme. Other experiments 
have been performed with molar (muscle aldolase to car- 
boxypeptidase) ratios varying from 43 to 10,000, with essen- 
tially similar results. At a molar ratio of 2,000 the dissocia- 
tion of activities was complete at 3 hours, but at a ratio of 
50, or less, the dissociation of activities was too rapid to 
measure in 5 minutes. A more detailed study (18) of the kinetics 
of the action of carboxypeptidase on muscle aldolase shows that 
the dissociation of activities occurs subsequent to the removal 
of the tyrosine residues, during the removal of two alanine resi- 
dues. Neither the aldol cleavage or exchange activity is altered 
by incubation of yeast aldolase with carboxypeptidase. At 
yeast aldolase to carboxypeptidase ratios ranging from 8 to 114, 
there is no significant change in either activity relative to the 
control. 


DISCUSSION 

The data in a previous report have indicated significant 
differences in the molecular properties of yeast and muscle aldo- 
lase (2). The present study allows a further comparison of the 
catalytic properties of these enzymes. Since both catalyze the 
hydrogen exchange as well as the reversible aldol cleavage, a 
statement of the enzyme-catalyzed reactions must include both 
activities. Two general formulations are visualized. The first, 
illustrated by Equation 1, places the exchange reaction as an 
obligatory step in the over-all reaction. 


a. + aldolase = 
aldolase—CHOH—CO—CH:0PO;H: + H* 
b. H* + glyceraldehyde-3-P (1) 
+ = 
aldolase + fructose-di-P ~ 


It follows that the rate of the exchange Reaction la cannot be 
slower than the rate of the over-all Reaction lab. Equation la 
may be visualized as the displacement of the specific hydrogen 
by the enzyme with the formation of a new covalent bond be- 
tween enzyme and dihydroxyacetone-P (and a new asymmetrical 
center). Equation 16 then involves reaction of this compound 
with the aldehyde moiety to give the observed adduct. 

The second formulation, illustrated by Equation 2, does not 
place the hydrogen exchange as an obligatory step in the over-all 
reaction and hence does not demand any relationship of the rates 
2b and 2ac. 


a. CH;OH—CO—CH:0PO;H: + aldolase = 
aldolase—CH -OH—CO—CH:0P0;H: 
b. Aldolase - CH:OH- CO- CH-: OPO, H: + H* = 
aldolase-CHH CO- CH-: O PO, H: + H* 
c. 
+ glyceraldehyde-3-P = fructose-di-P + aldolase 
In this instance, the aldolase-dihydroxyacetone-P complex may 
result in the polarization of the specific C—H bond so that Ex- 
change 2b or condensation with the aldehyde moiety 2c may 
occur. Both Reactions 1 and 2 must conform to the known 
steric configurations of the products. Rose (19) has shown that 
the position of tritium in the labeled dihydroxyacetone-P is 


sterically equivalent to that of the carbon in the aldol adduct; 
therefore, the labeling process may proceed with retention of 


(2) 
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configuration or with double inversion. This constraint applies 
to both yeast and muscle aldolase. 

Rose and Rieder (7) have shown that the rate of exc 
was greater than the rate of aldol cleavage, hence the data were 
in apparent accord with formulation (1). In a more rigorous 
test of this case, the present studies have compared the rate of 
exchange with the rate of aldol synthesis of fructose-di-P. Even 
in this instance the rate of exchange under optimal conditions jg 
equal to or greater than the rate of fructose-di-P synthesis, 
However, under other conditions, the rate of exchange for both 
muscle and yeast aldolase does not conform to the limiting con- 
dition of rates imposed by the formulation in Equation 1. The 
exchange rate is slower than the aldol cleavage rate for the yeast 
enzyme, at pH values greater than 7. The evidence is not go 
compelling for the muscle enzyme, nevertheless, there is a signifi- 
cant discrepancy at pH 6.0 to 6.5. In addition, for the muscle 
enzyme, there is a dramatic dissociation of the exchange and 
over-all reaction rates by carboxypeptidase treatment. If it is 
assumed that the basic mechanism of the carboxypeptidase. 
treated and the native aldolases are similar, this is decisive 
evidence against all mechanisms that require correspondence of 
the two activities. Equation 1 as written, therefore, may be 
excluded for both yeast and muscle aldolase. 

Equations 2 are consistent with all available data. It is 
emphasized that the mechanisms (Equations la and 2) presume 
a preferred order of addition of substrates; in part this is con- 
sistent with the considerably slower rate of exchange of glye- 
eraldehyde-3-P into fructose-di-P as compared to dihydroxy- 
acetone-P into fructose-di-P. However, the possibility that 
the presence of glyceraldehyde-3-P could affect the velocity con- 
stants of the partial reactions is not excluded. Equation 3 illus- 
trates one of the variants of Equation I that are still formally al- 
lowed by the data, provided only that 30 is fast compared with 
3d. 


a. Aldolase + glyceraldehyde-3-P 
+ CH:OH—CO—CH;0P0;H: = 
glyceraldehyde-3-P- - aldolase CH:OH- CO- CH:OPO, H: 
b. Glyceraldehyde-3-P:- - aldolase CH:OH- CO- CH-: OPO, H: 


fast 
glyceraldehyde-3-P- - aldolase H: 
+ Ht 
c. H+ + (3) 


glyceraldehyde-3-P- - aldolase—CHOH—CO—CHOPO;H: 
= aldolase + fructose-di-P 


slow 


d. Aldolase + 
aldolase—CHOH—CO—CH,0P0;H: + H“ 
e. 
+ glyceraldehyde-3-P = 
glyceraldehyde-3-P- - 


Apart from the question of whether glyceraldehyde-3-P may 
participate functionally in the catalytic process, the type of 
chemical interactions which would be required to form an 
intermediate as predicted in Equations 1 or 3 are considered 
unattractive for a catalytic process, but the predictions of such 
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mechanisms, viz stoichiometric production of protons on interac- 
tion of dihydroxyacetone-P with aldolases, and formation of a 
stable dihydroxyacetone-P aldolase compound involving the 
appropriate carbon atom of dihydroxyacetone-P seem amena- 
ble to experimental testing. The type of intermediate visual- 
ized in Equation 2 is favored for both yeast and muscle aldolase. 
The specific chemical nature of the interaction between the aldo- 
lases and substrates remains, of course, undefined, but the data 
obtained in this work emphasize differences rather than similar- 
ities in the twoenzymes. In addition to significant differences in 
the energy of activation of the two processes, the pH profile, the 
specificity pattern, and the susceptibility to the action of car- 
boxypeptidase are distinctive. 

The pH profiles of reactions catalyzed by yeast aldolase 
suggest the participation of groups with pK values 5.5 to 6.0 
and 8.0 to 8.5 in the over-all process, and groups with pK values 
of 5 to 5.5 and 6.5 to 7.0 in the exchange reaction. On the 
other hand, the muscle enzyme appears to have no groups 
dissociating in the region 5 to 9 which participate decisively in 
the catalytic process, only one influential group with a pK of 
approximately 5 to 5.5 appears possible for the over-all reaction 
and one at 6.5 to 7.0 for the exchange reaction. The dissimilari- 
ties in the pH profiles between the exchange and over-all re- 
actions for both enzyme systems could conceivably be a result 
of one or more of the following conditions: the action of different 
groups in the two processes; direct participation of glyceralde- 
hyde-3-P in the catalytic process; the shielding of an inhibitory 
group by glyceraldehyde-3-P; the alteration of the ionization 
of a group by the presence of glyceraldehyde-3-P. The last 
three possibilities emphasize alteration by glyceraldehyde-3-P 
of the active site. 

The specificity patterns of both enzymes suggest a prominent 
role of both phosphate groups in the enzyme-substrate interac- 
tion. Whether this is simply a role of phosphate in orienting 
the substrates, or whether the phosphate of the dihydroxyace- 
tone-P moiety may be used purposefully in the catalytic process 
is undecided. A ketone or incipient ketone on C-2, and an 
hydroxyl group on C-3 appears to be a requirement for both 
enzymes. 

The specificity pattern of the two enzymes differs considerably ; 
the yeast aldolase exhibits activities with the examined substrate 
analogues at least two orders of magnitude lower than the 
corresponding rates with muscle aldolase. Nevertheless, the 
inhibitor constants indicate these compounds react with the 
yeastenzyme. Jagannathan et al. (12) have reported that the A. 
niger aldolase does not catalyze the aldol cleavage of fructose-1- 
P, and hence this enzyme may show the kind of stringent speci- 
lficity shown by the yeast enzyme. : 

Perhaps the most significant deterrent to the analysis and 
comparison of the specificities of the aldolases is the lack of 
information concerning the conformation of the substrate 
molecules preferred by the enzymes. The ketohexose diphos- 
phates can exist in the - and 6-furanose and linear forms, while 
the ketohexose-1-P can exist in the a- and g- furanose and py- 
ranose, as well as the linear forms. The possible relationship of 
reaction mechanism to the substrate conformation has been 
discussed elsewhere (1). 

The differences in stability to heat and especially to carboxy- 
peptidase, although not unexpected in themselves, may provide 
& means for the further delineation of structural differences 
between the enzymes. The dissociation of the aldol cleavage and 
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exchange activities of muscle aldolase by carboxypeptidase, and 
especially the role of tyrosine in the enzyme will be discussed 
subsequently (18). 

The results presented suggest significant differences, not 
only in the over-all structure but at the catalytically active site 
of these two aldolases. Some of these may be reflections of 
general dissimilarities between Group I and Group II aldolases. 
In addition to their intrinsic interest, these facts are relevant to 
an evaluation of the processes involved in phylogeny (20). 


1. The catalytic properties of the aldolase from yeast and 
muscle have been compared. The data emphasize significant 
differences in the two enzymes, probably in the catalytically 
active-centers. 

2. Arrhenius plots of the velocity constants are slightly concave 
downwards for both enzymes. The energy of activation of the 
muscle enzyme is considerably greater than for the yeast enzyme 
studied under comparable conditions. Yeast aldolase is con- 
siderably more heat-labile than the muscle enzyme. 

3. The pH profile for the hydrogen exchange and over-all re- 
actions of both enzymes differ. The pH optimum (yeast al- 
dolase is 7.0 to 7.5 for aldol synthesis. The hydrogen exchange 
rate exceeds the aldol cleavage rate at pH values below 6.5; at 
higher pH values, the reverse is true. For muscle aldolase, on 
the other hand, the aldol synthetic rate is pH-independent from 
pH 6.5 to 9.0, and the exchange activity is relatively independent 
of pH from 7 to 9. The exchange rate is greater than the aldol 
synthetic rate at pH values above 7. 

4. The yeast aldolase-catalyzed hydrogen exchange reaction is 
stimulated specifically by potassium ions (as is the over-all re- 
action). The pH optimum of the exchange reaction is similar in 
the presence or absence of potassium ions. The activity of 
muscle aldolase is not influenced by potassium ions. 

5. The action of muscle and yeast aldolase on several substrate 
analogues have been defined in terms of maximal velocities and 
Michaelis and inhibitor constants. The yeast enzyme has strin- 
gent structural requirements for effective catalysis. Even 
though the yeast enzyme is more active than the muscle enzyme 
with respect to fructose-1 ,6-diphosphate synthesis and cleavage, 
it is at least two orders of magnitude less active toward various 
substrate analogues tested. 

6. Carboxypeptidase treatment of muscle aldolase decreases 
the aldol cleavage activity to 5 to 7% and the hydrogen ex- 
change activity to 0.1% of the unincubated control. Similar 
treatment of the yeast enzyme has no effect on the exchange or 
aldol cleavage activity. 

7. All mechanisms which require the rate of the hydrogen ex- 
change reaction with dihydroxyacetone phosphate to be as great 
as the rate of the over-all reaction are eliminated by the data. 
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The demonstration (1-3) of a distinctive pathway of fructose 
metabolism in liver via the aldol cleavage of fructose 1-phosphate 
emphasized the possibilty in this tissue of an enriched catalytic 

m for the facilitation of this reaction since the classical 
fructose-1 ,6-diphosphate aldolase isolated from muscle tissue 
exhibits relatively little activity toward fructose 1-phosphate. 
The early evidence of Leuthardt et al. (4) suggested the presence 
in liver of two aldolases, one acting primarily on fructose 1 ,6- 
diphosphate (and presumably identical with the muscle enzyme), 
the other, a new enzyme, facilitating the aldol cleavage of 
fructose 1-phosphate. However, Peanasky and Lardy (5) isolated 
the liver enzyme in crystalline form and showed that the relative 
activity toward fructose 1-phosphate was much higher than the 
muscle enzyme. The fructose 1,6-diphosphate to fructose 1- 
phosphate activity ratio of the crystalline liver enzyme did not 
change during the purification procedure. These studies sug- 
gested that the aldolases from liver and muscle could be dis- 
tinguished clearly on the basis of substrate specificity. 

In spite of this fact, there is an intriguing resemblance in 
the molecular properties of the bovine liver and rabbit muscle 
aldolases: the number of sulfhydryl groups per g of protein 
(5-7); the molecular weights as determined by sedimentation 
and diffusion measurements (5, 8); and the electrophoretic 
mobilities (5, 9) of the two enzymes are similar, perhaps within 
the error of the measurements. Recently, Drechsler, Boyer, 
and Kowalsky (10) have reported that removal of three carboxy- 
terminal tyrosine residues from muscle aldolase by carboxypepti- 
dase markedly decreases the fructose 1 ,6-diphosphate cleavage 
activity, without loss of fructose 1-phosphate cleavage activity. 
The resulting carboxypeptidase degraded aldolase has a fruc- 
tose 1,6-diphosphate to fructose 1-phosphate activity ratio 
which is not far removed from that of liver aldolase. 

These observations have suggested the possibility that muscle 
and liver aldolase may have strong elements of structural and 
catalytic similarity. Accordingly, a comparative study of these 
enzymes has been initiated. In the present paper, the effect of 
carboxypeptidase on the aldol cleavage and the hydrogen ex- 
change activities, as well as the specificities of liver and muscle 
aldolase will be described. 


EXPERIMENTAL PROCEDURE 
Enzymes—Crystalline rabbit muscle aldolase, prepared by 
the method of Taylor et al. (11, 12) with slight modifications 
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from the National Institutes of Health, United States Public 
Health Service. 


mentioned by Swenson and Boyer (7), was washed twice ac- 
cording to Beisenherz et al. (13), and finally chromatographed on 
DEAE-cellulose (Brown and Company) as described previously 
(14). The product was free of detectable triosephosphate 
isomerase activity and exhibited a fructose-1,6-di-P cleavage 
specific activity of 14.6 at 25° (14). 

Crystalline liver aldolase was prepared according to Peanasky 
and Lardy (5). The twice recrystallized sample was somewhat 
unstable when stored as a crystalline suspension, losing 10 to 
15% of the original activity in about 2 to 3 weeks at 0°. At the 
time of the experiments, the specific activity was approximately 1, 
a value in reasonable agreement with that reported by the original 
authors, when appropriate allowance is made for differences in 
assay conditions, especially temperature, and in the definition of 
units of enzyme activity. 

The molar concentration of muscle and liver aldolase was de- 
termined from its absorbancy at 280 my (A20/0.91 = milli- 
grams of aldolase per ml (7)), assuming a molecular weight of 
150,000. 

The carboxypeptidase was a diisopropyl phosphofluoridate- 
treated, twice recrystallized preparation obtained from Worthing- 
ton Biochemicals Corporation. The crystalline suspension was 
washed several times with water, and then dissolved at 0° in 
10% LiCl (15) just before use. The molar concentration of 
carboxypeptidase was calculated from its absorbancy at 280 my 
(4 %.3 = milligrams of carboxypeptidase per ml), assum- 
ing a molecular weight of 34,000 (15). 

Substrates and Enzyme Assays—Fructose-1 ,6-di-P and fruc- 
tose 1-P were procured from Sigma Chemical Company as the 
barium salts and converted to the sodium salts by treatment with 
Dowex 50-H*, and subsequent neutralization with NaHCO; 
Dihydroxyacetone-P was synthesized by the method of Ballou 
and Fischer (16). Formaldehyde was prepared by distillation 
of paraformaldehyde. 

Aldol cleavage activity was measured by the a-glycero-P 
dehydrogenase or the hydrazine assays (14). In these assay 
systems, fructose-1 ,6-di-P and fructose-1-P were present at con- 
centrations of 2.5 and 5 mu, respectively, unless otherwise stated. 

The exchange activity was detected by the loss of tritium from 


“Phosphoketotetrose aldolase” 
tivity was measured by the procedure of Charalampous and 
Mueller (17). The assay mixture contained: dihydroxyace- 
tone-P, 4 umoles; formaldehyde, 6.8 umoles; MgCl:, 75 umoles; 
borate, pH 7.3, 60 wmoles; an appropriate quantity of enzyme, and 
water to 1.0 ml. Residual formaldehyde was measured by the 
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chromotropic acid method of MacFadyen (18) with hexamethyl- 
ene tetramine as the standard. Incubation periods of 1, 3, and 5 
minutes at 35° gave linear rate measurements. The K. of 
formaldehyde in this system with both muscle and liver aldolase 
was about 10-? M; the concentration of formaldehyde employed 
in the assays was chosen because of marked inhibition of the 
reaction at higher concentrations. 

Amino Acid Analyses—Amino acids were detected by methods 
similar to those employed by Drechsler et al. (10). Total amino 
acids were measured with ninhydrin according to Troll and 
Cannon (19) as modified by Gladner and Neurath (20), with 
tyrosine as the standard. Tyrosine was estimated by the Folin- 
Ciocalteau method (21). The amino acids were also qualita- 
tively distinguished by unidimensional paper chromatography on 
Whatman No. 1 paper, with the solvent system (n-butanol)-2- 
butanone-H,0-15 N NH,OH (5:3:1:1) (22). 


RESULTS 


Rabbit muscle aldolase catalyzes the reversible aldol cleavage 
of fructose-1 ,6-di-P and closely related compounds (23) as well 
as an exchange reaction of solvent protons with a specific hy- 
drogen atom of dihydroxyacetone-P (24-26). Under favorable 
conditions, the rate of the exchange reaction is at least as great 
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MINUTES TREATMENT WITH CARBOXYPEPTIDASE 


Fic. 1. Effect of carboxypeptidase on the aldol cleavage and 
exchange activity of muscle aldolase. Isomerase-free rabbit mus- 
cle aldolase, 87.5 mg (0.58 wmole), was incubated with carboxy- 
peptidase in 7.0 ml containing 1% KCl, 0.01 m phosphate, and 
0.001 mM EDTA at pH 7.9. The initial muscle aldolase to carboxy- 
peptidase molar ratio (MA:CP) was 4300; at 74 minutes, addi- 
tional carboxypeptidase was added to bring the ratio to 230. At 
zero time and at indicated intervals, aliquots were removed and 
assayed for aldol cleavage and exchange activities as described 
in Experimental Procedure.“ , ratio of activities ex- 
pressed as a percentage (exchange activity/aldol cleavage ac- 
tivity) X 100. 

Muscle aldolase incubated without carboxypeptidase but under 
otherwise similar conditions retained its original (zero time) ac- 
tivity. 
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as the rate of aldol cleavage (27). Carboxypeptidase treatment 
of this enzyme under conditions defined by Drechsler et al. 
(10) yields a product that exhibits 5% of the original fructose-1 ,6. 
di-P cleavage activity, but less than 0.1% of the original ex. 
change activity (14). 

In preliminary experiments, it was shown that crystalline 
bovine liver aldolase, isolated according to Peanasky and Lardy 
(5), also catalyzes an exchange reaction with dihydroxyacetone-P 
at a rate approximating the aldol cleavage rate. Carboxypepti- 
dase treatment decreased the aldol cleavage and exchange a. 
tivity to about 50% and 3% of the original activity, respectively, 

As with the carboxypeptidase-muscle aldolase system (10), the 
residual activity of the liver aldolase was not a result of a loss of 
carboxypeptidase activity during the incubation period, since 
(a) increasing the relative concentration of carboxypeptidase did 
not alter the catalytic properties of the end product, (b) residual 
aldol cleavage and exchange activities were not changed by addi- 
tion of fresh carboxypeptidase, and (c) native liver aldolase was 
rapidly degraded when added to an incubation mixture in which 
the liver aldolase had been transformed to a product exhibiting 
the residual catalytic properties mentioned above. 

The alteration of catalytic activities of both the liver and 
muscle enzyme was apparently due to carboxypeptidase itself 
rather than to other proteolytic contaminants, since the enzyme 
employed was recrystallized from diisopropyl phosphofluoridate, 
which should minimize endopeptidase activity. Furthermore, 
crystalline preparations of trypsin, chymotrypsin, and papain 
at the same relative concentrations did not produce similar 
effects during the incubation periods employed. 

A further definition of the effects of carboxypeptidase on 
liver and muscle aldolases was attempted by a kinetic study 
correlating the catalytic activity (including aldol cleavage and 
hydrogen exchange activity) with the amino acids released during 
the course of the reaction. In these experiments, parallel incu- 
bations were carried out at comparable aldolase to carboxypepti- 
dase ratios. At intervals, samples were removed for appropriate 
analyses. | 

Effect of Carboxypeptidase on Fructose-1 ,6-di-P Cleavage and 
Exchange Activities of Muscle and Liver Aldolase—Under the 
conditions of the experiment, carboxypeptidase treatment of 
muscle aldolase at a molar ratio of 4300 (muscle aldolase to 
carboxypeptidase ratio = 4300), decreased the aldol cleavage to 
about 5% of the initial rate after approximately 40 minutes, with 
no further change on further incubation or on adding additional 
carboxypeptidase (muscle aldolase to carboxypeptidase ratio = 
230) (Fig. 1). The exchange activity, on the other hand, con- 
tinued to decline on further incubation with carboxypeptidase, 
reaching a residual activity (approximately 0.1% of the original) 
at the end of the experiment. A plot of the ratio of exchange to 
aldol cleavage activity clearly indicated a biphasic process in 
the dissociation of these activities. An initial fast reaction is 
accompanied by a slight lowering in the relative exchange ac- 
tivity. After the residual aldol cleavage activity is reached, the 
secondary, clear dissociation of the exchange activity proceeds. 
The sharp delineation of the two processes as reflected in the 
break in the curve presenting ratios of exchange and aldol cleav- 
age activities is apparently favored by performing the reaction 
in about 0.2 M ammonium sulfate. When similar experiments 
were performed in the absence of ammonium sulfate, a more 
gradual biphasic curve was obtained. 

The parallel experiment with liver aldolase (liver aldolase to 
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MINUTES TREATMENT 


Fic. 2. Effect of carboxypeptidase on the aldol cleavage and 
exchange activity of liver aldolase. Twice recrystallized isomer- 
ase-free bovine liver aldolase, 111.3 mg (0.74 umole), was incubated 
with carboxypeptidase in 7.0 ml containing 1% KCl, 0.01 m phos- 
phate, and 0.001 m EDTA at pH 7.9. Initial liver aldolase: car- 
boxypeptidase molar ratio (LA:CP) was 3900; at 68 minutes, ad- 
ditional carboxypeptidase was added to bring the ratio to 370. 


carboxypeptidase ratio = 3900) shows that the rates of degrada- 
tion of liver aldolase and muscle aldolase by carboxypeptidase 
are comparable (Fig. 2); the dissociation of aldol cleavage and 


exchange activities by carboxypeptidase treatment is also note- 


worthy. In contrast to the muscle aldolase system, however, the 
exchange and aldol cleavage activities reached residual levels in 
about the same period after addition of carboxypeptidase; 
i.e. there was no evidence of a biphasic process in the loss of the 
catalytic activities. The absolute specific activities of the en- 
symes at the beginning and end of the experiments were as follows: 
fructose 1,6-di-P cleavage activity to muscle aldolase, 14.6; 
carboxy peptidase-degraded muscle aldolase, 0.75; liver aldolase, 
1; carboxypeptidase-degraded liver aldolase, 0.5; exchange 
activities to muscle aldolase, 15; carboxypeptidase-degraded 
muscle aldolase, 0.02; liver aldolase, 1; carboxypeptidase-de- 
graded liver aldolase, 0.05. Although there appears to be a 
basic similarity in the action of carboxypeptidase on the two 
enzymes, the ratio of exchange activities to aldol cleavage ac- 
tivities of carboxypeptidase-treated muscle and liver aldolases 
appears to be significantly different. 

Release of Amino Acids by Carborypeptidase Treatment—At 
intervals during the reaction period in which the catalytic 
changes described in Figs. 1 and 2 were occurring, aliquots were 
removed and assayed for tyrosine and total amino acids. The 
results are presented in Table I. In agreement with Drechsler 
et al. (10), we found that carboxypeptidase releases about 5 
amino acids per mole of aldolase, including 3 tyrosine residues, 
and 2 additional amino acids, no doubt alanine residues. Also, 
in confirmation of these workers, the tyrosine residues are lost 
coincident with the loss of fructose diphosphate cleavage ac- 
tivity. The data show in addition that with muscle aldolase the 


WITH CARBOXYPEPTIDASE 


At zero time and at indicated intervals, aliquots were removed 
and assayed for aldol cleavage and exchange activities as de- 
scribed in Experimental Procedure. , ratio of activities, 
expressed as a percentage ((exchange activity)/(aldol cleavage 
activity) X 100). 

Liver aldolase incubated under similar conditions, but in the 
absence of carboxypeptidase, retained the initial activities. 


TABLE I 
Amino acids released from aldolases by carborypeptidase 

The experimental conditions are described in Figs. 1 and 2. 
Aliquots were removed at zero time and at incubation periods in- 
dicated. In the muscle aldolase experiment, additional carboxy- 
peptidase was added at 74 minutes to bring the aldolase to car- 
boxypeptidase molar ratio to 230; in the liver aldolase 
experiment, a similar addition of carboxypeptidase was made at 
68 minutes bringing the ratio to 370. The assays for tyrosine 
and total amino acids are described in Experimental Proce- 
dure. 


Aldolase 
Aldolase | boaypeptidase 9 Tyrosine Other amino acids 
ratio 
moles 
* min |moles/mole aldolase 
Muscle 4300 48 2.4 0.2 
4300 72 2.8 1.6 
230 130 2.8 1.8 
Liver 3900 ~ 40 1.1 0.2 
3900 66 1.3 0.8 
370 135 1.6 2.1 


sharp dissociation in aldol cleavage and exchange activities comes 
in the second phase of carboxypeptidase action, during the loss of 
alanine residues. It does not, however, distinguish between a 
slow alteration occurring after tyrosine residues are lost, and an 
effect specifically related to the loss of alanine residues. 

In contrast to the muscle enzyme system, carboxypeptidase 
released only 3 to 4 amino acids per mole of the liver enzyme. 
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One tyrosine residue was released early in the incubation, and is 
presumably in a carboxy-terminal position. The loss of aldol 
cleavage and exchange activity shown in Fig. 2 may be correlated 
with the release of this group. It appears that there is a slow 
additional release of tyrosine later in the incubation period to- 
gether with two other amino acid residues with the chromato- 
graphic properties of alanine. In several other experiments, 
additional carboxypeptidase, or more prolonged incubation with 
this enzyme, yielded no additional amino acid residues. 

Change in Specificity by Carboxypeptidase Treatment—The 
effect of carboxypeptidase on the activity of both liver and 
muscle enzymes in the aldol cleavage of fructose-1,6-di-P, 
fructose-1-P, as well as the synthesis of erythrulose phosphate 
from formaldehyde and dihydroxyacetone-P, is presented in 
Table II. The activities of the nondegraded enzymes deserve 
comment. The relative activity of muscle aldolase with fruc- 
tose-1-P as a substrate is in reasonable agreement with published 
data (10, 14). The activity of the liver enzyme is in qualitative 
but not quantitative agreement with the data of Peanasky and 
Lardy (5). It is likely that this difference may be related to the 
different assay conditions employed. 

The considerable activity of both liver and muscle aldolase 
toward formaldehyde and dihydroxyacetone-P in the formation 
of erythrulose phosphate is also noted. These data give quanti- 
tative expression to the conclusion (5, 11) that both muscle and 
liver aldolases catalyze this reaction. 

There are significant alterations of the specificity of both 
muscle and liver aldolases by carboxypeptidase treatment, but 


TABLE II 
Effect of carborypeptidase on specificity of muscle and liver aldolase 
The experimental conditions were similar to those described in 
Figs. 1 and 2. The initial specific activity of muscle aldolase was 
14.6. All other activities are normalized according to this value 
(i.e. specific activity 14.6 equals 100). Assays are described in 
“Experimental Procedure. Fructose-1-P was present in these 
assays at 50 ma, in order to approach saturation of the enzymes. 
Whereas the fructose-di-P and fructose-1-P cleavage assays were 
performed at 25°, the assay for formaldehyde condensation with 
dihydroxyacetone-P was carried out at 35°. For practical rea- 
sons, the formaldehyde concentration in the assay was lower than 
the K., value for this substrate (see Experimental Procedure“). 
These conditions are mutually opposing and approximately cancel 

each other in the formaldehyde assay. 


Relative specific activity 
Carboxypeptidase-treated 
Substrate Control — to car — to car 
30 minutes of 100 minutes of 
ba incubati 
Muscle | Liver Muscle Liver Muscle Liver 
Fructose-di-P........ 100 8.7 | 5.2 4.8 | 4.9 4.8 
Fructose-1-P......... 1.9 15.4 | 3.4 | 10.5 22 9.9 
HCHO + dihydroxy- 
acetone-P......... 12 30 8 25 6 20 
Activity ratio 
Fructose-di-P to 
fruetose C! 53 0.57 1.5 0.46 1.8 | 0.48 
Fructose-di-P to 
„„ 8.5 0.30 0.65 0.20 0.8 | 0.25 
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the changes are quantitatively more pronounced with the muscle 
aldolase. The activity toward fructose-1-P is actually increased 
during the early period of carboxypeptidase action on muscle 
aldolase. A 2.3-fold increased fructose-1-P activity over the orig. 
inal activity has been obtained in other experiments. However, 
there has been a disconcerting lack of reproducibility in the point 
of maximal activity, and even in the degree of stimulation. It is, 
therefore, only possible to state that aldolase molecules with one 
or two carboxyl-terminal tyrosine residues apparently have 3 
higher activity toward fructose-1-P than those with three or 
with none. 

Behavior of Aldolases in Crude Liver Homogenates—The 
general similarities of carboxypeptidase-degraded muscle 
aldolase and the liver aldolase isolated according to Peanasky and 
Lardy prompted consideration of the possibility that the enzyme 
isolated from liver could arise by carboxypeptidase-like action 
on an aldolase of the muscle type. Several experiments suggest 
this is not the case. The fructose-1,6-di-P to fructose l- Phos- 
phate activity ratio of freshly prepared homogenates (approxi- 
mately 2 minutes after extirpation of the liver) is not significantly 
different from that observed with the crystalline enzyme. This 
activity ratio is not altered appreciably by incubation of the 
homogenate in a variety of buffers (sucrose, Tris, EDTA) for 1 
hour at 0° or at 30°. Moreover, crystalline muscle aldolase 
added to crude liver homogenates appeared to be stable, i.e. the 
total fructose-1,6-di-P cleavage activity did not decrease 
appreciably. Even in extended incubation periods (3 hours) 
at 37°, the greatest loss in fructose-1 ,6-di-P cleavage activity 
was approximately 25%, and the fructose-1 ,6-di-P to fructose 
1-phosphate activity ratio did not change appreciably. 

It is concluded that the isolated liver aldolase is not the result 
of carboxypeptidase-like degradation of a muscle-type enzyme 
during the isolation procedure. 


DISCUSSION 


Previous studies (5) have shown that the aldolases derived 
from muscle and liver are readily differentiated by their substrate 
specificity. The present studies have demonstrated strong 
elements of similarity in these enzymes: 

1. The amino acids at carboxy-terminal positions bear a strong 
qualitative, if not quantitative resemblance. 

2. The order of the release of the amino acids by carboxypepti- 
dase is similar; furthermore, after the release of the tyrosine and 
alanine residues, the action of carboxypeptidase is retarded 
greatly. 

3. The fructose-1 ,6-di-P cleavage and aldol cleavage activities 
decline in a more or less parallel fashion during the loss of 
carboxy-terminal tyrosines from both enzymes. 

4. Subsequent to the loss of tyrosine residues the aldol eleav- 
age and exchange activities are dissociated. 

5. The catalytic activities of the partially carboxypeptidase- 
degraded muscle aldolase and native“ liver aldolase approach 
each other. This observation may be correlated with the fewer 
carboxy-terminal tyrosine residues found in the undegraded 
liver enzyme. These facts taken with the general agreement in 
the number of sulfhydryl groups per mole of enzyme (5), molec- 
ular weights and electrophoretic mobilities provided strong 
evidence for the basic similarity in the structure, and catalytically 
active sites of these enzymes. 

A clear interpretation of this comparative study would appear 
difficult since the muscle enzyme was derived from the rabbit, 
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whereas the liver enzyme was isolated from the bovine. Thus, it 
could be argued that the differences reported, represent species 
differences not organ differences. It has been shown, however, 
that the basic specificity differences (as indicated by the fruc- 
tose-1 ,6-di-P to fructose-1-P activity ratio) are observed in 
extracts of muscle and liver, of the same animal (rabbit, bo. ine, 
as well as several other species). It is reasoned, therefore, that 
the major differences described here are the reflections of organ, 
rather than species variation. The question may also be raised 
whether the data obtained could be due to a mixture of a muscle 
type and liver type aldolase in the preparations employed; the 
similarities observed could, therefore, be more apparent than 
real. No simple mixture of the two enzymes, however, can 
account for both the observed changes in the catalytic activity 
and the stoichiometric quantities of tyrosines and ofher amino 
acids (alanines) released by carboxypeptidase. Thus, although 
the question of the presence of one or two enzymes in the two 
tissues cannot be resolved at present, the evidence is compelling for 
the existence of two aldolases which differ in substrate specificity, 
but which have strong elements of structural similarity. This 
conclusion emphasizes the presence in biological systems of ho- 
mologous enzymes with specific and metabolically purposeful 
alterations in structure. 

Experimental evidence now available suggests that enzymes 
other than aldolase may have organ-specific structures. This 
evidence together with the possible relevance of such a phenome- 
non to the process of differentiation is considered elsewhere (28). 


SUMMARY 

1. Carboxypeptidase treatment of rabbit muscle aldolase 
decreases the aldol cleavage and hydrogen exchange activities to 
about 5 and 0.2% of the original activities. It is shown that the 
loss of the two activities is a biphasic process. The fructose 
diphosphate cleavage activity and hydrogen exchange activity 
are lost at approximately the same rates during the period in 
which three carboxy-terminal tyrosine residues are released. 
Subsequently, during the period in which two alanines are re- 
leased, the residual fructose diphosphate cleavage activity is re- 
tained, but the hydrogen exchange activity decreases. 

2. Crystalline bovine liver aldolase, like muscle aldolase, 
catalyzes an hydrogen exchange reaction with dihydroxyacetone 
phosphate, at a rate approximately equivalent to the aldol 
cleavage rate of fructose diphosphate. 

3. Carboxypeptidase treatment of the liver aldolase decreases 
aldol cleavage and the exchange activities to about 55% and 
3% of the control rate. This treatment also releases 1 to 2 
tyrosine and two other (probably alanine) residues per mole of 
aldolase. The loss of both activities can be correlated with the 
loss of a carboxy-terminal tyrosine residue first released by 
carboxypeptidase and presumably in a carboxy-terminal position. 

4. Muscle aldolase preparations with an average of 1 carboxy- 
terminal tyrosine per mole of enzyme have a similar but not 
identical specificity with untreated liver aldolase. In particular, 
the relative fructose 1-phosphate aldolase activity is considerably 
greater in the liver enzyme. The absolute catalytic activity of 
carboxypeptidase-degraded rabbit muscle and bovine liver 
aldolases are similar but not identical. 
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5. There is no evidence for the presence of carboxypeptidase- 
like activity in liver homogenates. The specificity of crude 
homogenates is similar to that of crystalline liver enzyme. 
Furthermore, added crystalline muscle aldolase is stable, as 
judged by its catalytic activity, during incubations both at 0° 


and at 37°. 


It is concluded that crystalline liver aldolase is not 


an artifact of isolation and is an entity distinct from muscle 
aldolase. 

6. The existence in various organs of homologous enzymes 
with specific and metabolically purposeful alterations in struc- 
ture is emphasized. 
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In living muscle, calcium appears to be intimately involved 
in the reactions leading to contraction (1-4). In isolated acto- 
myosin systems (e.g. glycerol-extracted fibers and myofibrils) 
the addition of calcium will result in contraction under certain 
conditions: when adenosine triphosphate, magnesium, and one 
of several relaxing factors are present, e.g. ethylenediaminetetra- 
acetic acid, adenosine triphosphate in excess over magnesium, 
or the physiological relaxing factor (5-10). All of these com- 
pounds strongly bind calcium (11). This fact has recently been 
demonstrated for the physiological relaxing factor by Ebashi! 
and confirmed and extended by Hasselbach and Makinose (12). 


When the addition of calcium to an actomyosin system con- 


taining magnesium and adenosine triphosphate in the presence 
of one of the relaxing factors results in contraction, at least two 
different interpretations of the mode of action of calcium are 
possible. Calcium might combine with actomyosin, a complex 
between actomyosin and calcium being necessary for contrac- 
tion. The inhibition of contraction before the addition of cal- 
cium would then have been due to the removal of calcium from 
actomyosin by the relaxing factor (13). This possibility has 
been considered also by Ebashi (14) and Baird and Perry (15). 
Or it might be considered that calcium interferes with a reaction 
between one of the relaxing factors and actomyosin (16-18). 
On this assumption, contraction is inhibited by relaxing factors 
because they combine with actomyosin. 

For further clarification of this question we studied the effect 
of the removal of calcium on the superprecipitation and adeno- 
sine triphosphatase activity of actomyosin. We consider super- 
precipitation and high adenosine triphosphatase activity to be 
comparable to contraction, and inhibition of superprecipitation 
together with a low adenosine triphosphatase activity to be 
comparable to relaxation. 

We used for our investigation “synthetic” actomyosin pre- 
pared from purified actin and myosin in order to be reasonably 
sure that the system was free from endoplasmic reticulum, the 
physiological relaxing factor (19). It has been found by inspec- 
tion with the electron microscope that glycerol-extracted fiber 
bundles, well washed myofibrils, and “natural” actomyosin, 
but not “synthetic” actomyosin, still contain remnants of endo- 
plasmic reticulum.? Such a contamination should be avoided 
to exclude the possibility that the effects of calcium and caleium- 
chelating agents on actomyosin are indirect, i.e. mediated 
through their influence on the physiological relaxing factor. 


* This work was supported by a grant from the Muscular Dys- 
trophy Associations of America, Inc. 

1 Personal communication. 

? W. Hasselbach, personal communication. 


EXPERIMENTAL PROCEDURE 


Reagents 


We tried to avoid ¢ontamination by extraneous Ca as much 
as possible. Therefore, only acid-washed Pyrex or Kimax 
glassware and polyethylene or polypropylene laboratory ware 
were used. Distilled water was treated with mixed bed resin 
which was changed every 2 weeks. Solid KCl was washed with 
methanol-EDTA followed by methanol, a treatment which 
reduced the EDTA-titratable metal contaminations from about 
0.08 umole per g to 0.04 umole per g. 

The iminodiacetate resin, Chelex 100, 200 to 400 mesh, was 
obtained from the California Corporation for Biochemical Re. 
search. It was thoroughly washed with EDTA after neutralizs- 
tion with HCl, followed by exhaustive washing with water. Be. 
fore use in the assay, the resin was washed exhaustively with a 
solution of the same composition of cations as were present in 
the assay. Equilibration was checked by titration of Mg or Ca 
in the efflux solution. 

EGTA? was brought to pH 7.2 with KOH and titrated witha 
standard CaCl, solution in presence of HHSNN“ indicator 
(Fisher Scientific Company) (20). A solution of Ca EGTA was 
obtained by adding an equivalent amount of CaCl, (analytical 
reagent, titrated against EGTA) to EGTA, followed by neu- 
tralization to pH 7.0. Crystalline disodium ATP (Pabst Lab- 
oratories or Sigma Chemical Company) was used. A solution 
of MgATP was obtained by adding an equivalent amount of 
MgCl, to ATP (concentration by weight), followed by neutrali- 
zation to the pH desired in the assay. Solutions of MgCl, 
(analytical grade) were titrated against a standard solution of 
EDTA in presence of Eriochrome Black T (21). 

Imidazole was obtained from Eastman Organic Chemicals 
Department and was adjusted to the desired pH with HCI. 


Protein preparations 

Myosin, prepared according to Portzehl et al. (22) (three pre- 
cipitations), was centrifuged in 0.6 u KCl for 2 hours at 78,000 
*g to remove any contaminating relaxing factor and was 
stored in 50% glycerol. Before use, it was reprecipitated by 
dilution, redissolved in 0.6 Mu KCl, and centrifuged for 30 min- 
utes at 78,000 x g. 

For preparation of actin, acetone powders were prepared 


The abbreviation used is: EGTA, ethylene glycol bis(6- 
aminoethylether)-N,N’-tetraacetic acid. The authors are in- 
debted to Geigy Chemical Corporation for their generous gift of 
EGTA (trade name, Chel De). 

‘ 2-Hydroxy -1 - (2-hydroxy -4 -sulfo - 1 -naphthyl - azo)-3-naph- 
thorie acid. 
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according to Straub or Bäräny and Bäräny' (23, 24). Actins 
from different acetone powders varied (see Results“), but in- 
dependently of known variations in preparation. All acetone 
r extracts were centrifuged at 78,000 x g for 30 minutes, 
followed by polymerization in 0.1 m KCl, 1.0 mm MgCh, and 
centrifugation for 2 hours at 78,000 x g (25). The differences 
in the actin preparations from various acetone powders were not 
obliterated by treating G-actin with the anion exchange resin 
Amberlite 400 (26), EGTA, or Chelex 100. Solutions of actin 
prepared from the first pellet or after an additional cycle of de- 
piymeintion and repolymerstion behaved in similar man 


je See after several purification steps, sometimes the ca- 
pacity of the “synthetic” actomyosin to superprecipitate and 
its rate of ATP hydrolysis at T/2 0.11 were decreased. We 
found that older preparations of actin in combination with 
myosin could lose the capacity to superprecipitate at T/2 0.11 
and 2.0 mm ATP, whereas superprecipitation and ATPase ac- 
tivity at '/2 0.06 or with 0.2 mm ATP remained unchanged. 


Superprecipitation and ATP hydrolysis 


These processes were studied as follows. First, 2.0 ml of 
myosin (1 mg per ml, T /2 approximately 0.15) and 1.0 ml of 
actin (0.5 mg per ml, 0.1 M KCl) were mixed; KCl and imidazole 
buffer, to obtain the final ionic strength and pH, and additional 
reagents were added (as mentioned in text) in a total volume 
of either 5 or 10 ml. The reaction was initiated by adding 1.0 
ml of ATP or MgATP with vigorous magnetic stirring. After 2 
minutes, either trichloroacetic acid was added, followed by the 
determination of inorganic phosphate (27), or the mixture was 
transferred to graduated tubes and centrifuged for 2 minutes in a 
clinical centrifuge. The volume of the precipitate was read, and 
the protein concentration in the supernatant was determined by 
the procedure of Lowry et al. (28). 


RESULTS 


We found that a number of “synthetic” actomyosin prepara- 
tions at T/2 0.11 and with 2.0 mm Mg hydrolyzed ATP at a low 
rate unless Ca++ was added (Table I). 

In the absence of Ca“ very little or no actomyosin precipitate 
could be collected after centrifugation in a clinical centrifuge 
(duration usually 2 minutes); actomyosin remained in the super- 
natant. This was in contrast to the behavior of both actomyosin 
to which no ATP had been added and actomyosin to which, in 
addition to MgATP, Ca had been added. In these two cases 
actomyosin was precipitated. The precipitate of 2.5 mg of 
actomyosin was about 0.3 ml in the absence of ATP and 0.1 ml 
after the addition of MgATP and Ca. Myosin alone, in the 
presence of MgATP either with or without Ca, remained in the 
supernatant. 

The actomyosin preparation used in Table II hydrolyzed ATP 
at nearly maximal rate and superprecipitated without previous 
addition of Ca. However, EGTA and Chelex 100 caused an 
inhibition which was reversed by Ca. We used EGTA instead 
of EDTA because corrections for binding of Mg by EGTA may 
be neglected,* whereas binding of Ca by the two chelating agents 
under our experimental conditions is quite similar. The imino- 

Some acetone powders were kindly — — by Dr. M. Bäräny. 

The pK of Mg for EGTA at pH 6.6 is 0.882 
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I 
ATPase activity and superprecipitation before and after addition 
of CaCl, 
Myosin, 2.0 mg; actin, 0.5 mg; MgATP, 2.0 mu; ionic strength, 
0.109; total volume, 5.0 ml. 


— ATPase activity · Total protein precipitated 
CaCl, 0.1 mut | No CaCl added cach. 0.1 mut | No CaCl: added 
pmole/min/mg myosin % 
1 0.16 0.087 
2 0.30 0.087 
3 90.0 21.07 
4 86.0 23. Of 
5 0.40 0.157 
6 0.231 0.063 73.0 11.03 
7 78.0 36.03 
* At 24.5°. 


t Imidazole, 0.02 u, pH 6.6. 
t Imidazole, 0.02 u, pH 7.0. 


II 
ATPase activity and superprecipitation in presence of chelating 
agents with and without additional CaCl, 
Conditions are the same as in Table I, pH 7.0. 


% pmole/min/mg myosin 

CaCl:, es 80.0 0.30 
CaEGTA, 1.0 mu + CaCl, 

80.0 0.29 
Chelex 100* + 0.1 mm CaClz. 79.0 0.35 
No CaCl, added. ............. 71.0 0.20 
„ 22.0 0.06 
EGTA, 1.0mm............... 23.0 0.06 


* Equilibrated with cations of assay. 


diacetate resin binds both Ca and Mg. Before use, therefore, it 
had been equilibrated with Mg, or Ca and Mg, as described in 
“Experimental Procedure.” The inhibition by Chelex 100 was 
not confined to the period when the resin was mixed with acto- 
myosin and MgATP; after the resin had been separated from the 
protein by centrifugation, actomyosin still remained in the 
supernatant and did not superprecipitate. The amounts of 
resin needed to reduce activity to values similar to those pro- 
duced by 1.0 mu EGTA varied between 0.2 to 0.8 ml with 
different preparations of actomyosin (capacity = 0.33 mmoles of 
Cu (NH-) .“ per ml of resin). 

On the preliminary evidence of two experiments, it appeared as 
if Chelex 100 might remove some Ca from myosin and actin also 
in the absence of ATP. Pretreatment with Chelex 100 of 
myosin in one experiment and of actin in the other resulted in a 
decrease in the rate of ATP hydrolysis (when no Ca had been 
= from 85 to 65% and from 76 to 55% of the maximal 


Table III shows that CaEGTA reversed the inhibition due to 
EGTA, although the concentration of free EGTA remained un- 
changed. The addition of CaEGTA (accurately titrated so as 
not to contain an excess of calcium) to a solution containing 
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TABLE III 
Inhibition of activity by EGTA with and without additional CaEGTA 
Conditions are the same as in Table I, pH 6.6. 


ATPase Superprecipitation 
% maximal rate % maximal amount 
16 0 
EGTA, 0.1mm + 0.90 mu 
EGTA, 0.05 mem 17 
EGTA, 0.05 mw + 0.95 mu 
87 

c 
~ 
E 
8 2 - 
— 
2 
2 
a 
— 
E 
2 
a 

e 
6 “5 -4 


log free Co?“ 


Fic. 1. Rate of hydrolysis of ATP at T/2 0.109 as a function 
of concentration of Ca“ as calculated from the ratio [EGTA]/ 
[CaEGTAI. [EGTA] + [CaEGTA] = 1.0 mm, 2.0 mm MgATP, 
* of myosin, 0.5 mg of actin; total volume, 5.0 ml at 23.8“, 
pH 6.6. 


either 0.1 mm or 0.05 mm EGTA resulted in a more than 4-fold 
increase of activity. By varying CaEGTA:EGTA, the con- 
centration of Ca. at pH 6.6 is varied according to the expres- 
sion 


+ [H-EGTA™] + [H:-EGTA™)) 
[(CaEGTA™] 


and can be calculated with the use of the appropriate equilibrium 
constants.’ When the rate of hydrolysis of ATP was plotted 
against the concentration of Ca++, an S-shaped curve was ob- 
tained (Fig. 1). 

At the lower ionic strength of 0.05, the half-maximal activity 
shifted to lower concentrations of Ca!“ (Fig. 2). In correlation 
with this result at ['/2 0.05, when neither EGTA nor Ca had 
been added, ATP was hydrolyzed at a much higher rate (0.34 
umole per minute per mg = 80% of the maximal rate) than at 
I'/2 0.11 (0.12 wmole per minute per mg = 42% of the maximal 
rate). A comparison of these two rates with those in Figs. 1 and 


x [EGTA~ [H+] x [EGTA~4 


= 12 X 10° 


= 11. = 
[CaEGTA-] 107, [EGTA™) 3.72 X 107%, 
(11) 
X [EGTA™] 
(EGTA) 1.41 X 10 [H*] = 2.51 x 1077 
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2 suggests, in good agreement between the two, a contamination 
with Ca*+ of about 1 to 2 x 10 Mu. Furthermore, at I'/2 0.05 
superprecipitation occurred in the absence of added Ca even with 
those preparations which at T/2 0.11 superprecipitated only 
after the addition of Ca, although 1.0 mm EGTA was sufficient 
to prevent superprecipitation at T/2 0.05 (Table IV). Hoy. 
ever, actomyosin did not remain in the supernatant, but pre. 
cipitated. The precipitate occupied a volume similar to that of 
actomyosin in the absence of ATP, about 3 times larger than 
that of the superprecipitated protein. The effect of the redue. 


tion of the ionic strength to 0.05 on superprecipitation was similar 


to that of the reduction of the concentration of ATP to about 
0.01 mm (Table IV). 
In contrast, a reduction in the concentration of Mg“ to 
t 0.01 m resulted in superprecipitation of actomyosin even 
in the presence of 1.0 mu EGTA (Table V. 

On a number of occasions we obtained actomyosin prepara. 
tions, which not only were fully active without the addition of 
Ca, but which also, even in the presence of 1.0 mu EGTA, 
superprecipitated nearly maximally and hydrolyzed ATP at 
rates up to 88% of maximal. These findings agree with an 
earlier report by Perry and Grey (29) that “synthetic” actomyo- 


0 


u P/min/mg myosin 


-7 6 
log free Co?“ 


Fic. 2. Rate of hydrolysis of ATP as a function of concentra- 
tion of Ca“ at T/2 0.06. Conditions are the same as in Fig. 1. 


TaBLe IV 
EGTA inhibition under conditions of low ionic strength or low 
ATP concentration 
Myosin, 2.0 mg; actin, 0.5 mg; imidazole, 0.02 u, pH 7.0, 24°, 2 
minutes of centrifugation. 


. ionic 
ATP, 2.0 mu, ionic strength) ATP, 0.02 muti 
Treatment 
otal | Volume of Total 
precipitate tated | precipitate 
ml % ml % 
EGTA, 1.0 mu. 0.30 86.0 0.30 94.0 
CaCl», 0.1 mm. 0.10 82.0 0.10 93.0 
Control, no ATP. 0.30 86.0 0. 30 94.0 


* MgCl:z, 2.0 mm; total volume, 5.0 ml. 
t MgCl, 0.2 mu; total volume, 10.0 ml. 
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sin was not inhibited by MgEDTA. In our experiments, the 
extent of EGTA inhibition depended on the actin preparation 
(Table VI), i. e. on the acetone powder from which the actin was 
extracted. By treating G-actin with EGTA or Chelex 100, we 
gere not able to convert an actin preparation which formed an 
sctomyosin complex insensitive to EGTA to an actin which 
could form an actomyosin sensitive to EGTA. 


In the experiments described in Table I, Ca or CaATP ap- 
parently reacted with actomyosin, and in the presence of Mg and 
ATP induced superprecipitation and a 2- to 4-fold increase in the 
ate of ATP hydrolysis. Before the addition of Ca, in the 
presence of 2.0 ma MgATP at T/2 0.11, not only was super- 


precipitation absent, but the behavior of actomyosin also sug- 


gested that dissociation of the complex into actin and myosin 
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TaBLe V 
Influence of MgCl: concentration on EGTA inhibition* 
Myosin, 2.0 mg; actin, 0.5 mg; ATP, 2.0 mu; ionic strength, 
0.109; imidazole, 0.02 M, pH 7.0; total volume, 5 ml. 


MgCl: concentration Volume of precipitate | Total protein 
mi % 
D 0.03 6.0 
0.10 86.0 
0.008 mu + 0.10 mm Ca... 0.10 88.0 
Control, no ATP......... 0.35 92.0 
* EGTA, 1.0 mu. 
Taste VI 


might have occurred. As with myosin, but not actomyosin in Extent of EGTA inhibition depending on actin preparation 
the absence of ATP, no precipitate settled during 2 minutes of | Conditions are the same as in Table I, but EGTA was added to 


centrifugation in a clinical centrifuge. The state of actomyosin 
under these conditions corresponded to the sol“ state in the 
presence of high concentrations of ATP, as described by Hassel- 
dach et al. (30), to the “clearing phase”’ as described by Spicer (31) 
and recently by Maruyama and Gergely (32), or to the “‘solubili- 
sation” of actomyosin as described by Mueller (33). Maruyama 
and Gergely obtained results pointing towards dissociation as the 
cause of the clearing.“ 

Such an increase in the solubility of actomyosin, possibly 
caused by dissociation, might be considered analogous to relaxa- 
tion in a fiber system. In our experiments, this increase in 
solubility apparently was due to a lack of Ca in a system con- 
taining Mg and ATP at the sufficiently elevated ionic strength of 
0.11. 

In preparations that were fully active before addition of Ca, 
we assume that sufficient bound Ca was present to obtain 
maximal activity. This assumption is supported by the fact 
that superprecipitation and ATP hydrolysis were suppressed 
by Chelex 100. The inhibition by Chelex 100 cannot be due to a 
combination between protein and resin, because the inhibition 
remained after the resin was separated from the protein by 
centrifugation. Furthermore, when the resin had been equili- 
brated with 0.1 mu Ca, full superprecipitation occurred. There- 
fore, we assume that Chelex 100 inhibited superprecipitation 
because it removed calcium from actomyosin. 

Chelex 100 reduced the ATPase activity of actomyosin only to 
shout 60% maximal activity when actin or myosin were pre- 
treated with Chelex 100 in the absence of MgATP, whereas it 
reduced the AT Pase activity to 20% when it was present together 
with MgATP in the final assay for ATPase activity. This 
inding suggests that either Chelex 100 removed Ca from acto- 
myosin more completely in the presence of MgATP or that the 


wlutions added after pretreatment with Chelex 100 had been 


contaminated by Ca. 

The reversal of the EGTA inhibition by Ca was not caused by 
tmoval of free EGTA, which could combine with the protein, 
but followed a change in the ratio [EGTA]/[CaEGTA] (Table 
Il, Figs. 1 and 2). The experiment lends itself easily to the 
interpretation that activity depended on the concentration of 
“. On this assumption, the affinity of actomyosin for Ca++ 
vould increase with decreasing ionic strength. 

Although 1.0 mm EGTA inhibited superprecipitation and 


a final concentration of 1.0 mu, pH 7.0. 


22 ATPase Superprecipitation 
% maximal rate % maximal amount 
1 1 32 
1 2 9 
2 3 20 
2 4 81 


ATPase activity also at T/2 0.05, there were the following indica- 
tions that dissociation did not occur. The concentration of 
protein remaining in the supernatant was equal in the presence 
of and absence of ATP and sometimes equalled only one-third of 
the actin concentration. In this respect the EGTA inhibition 
at low ionic strength differed from the polyethylene sulfonate 
inhibition, described by Barany and Jaisle (34), who found dis- 
sociation to occur under similar conditions. 

The removal of Ca was inhibitory for superprecipitation and 
ATP hydolysis only when the concentration of total Mg was 
greater than 0.01 mm. Therefore it appears that the inhibition 
was caused by Mg and that Mg could exert its inhibitory effect 
only in the absence of Ca. In other words, we also assume that 
Ca prevents the interaction of a relaxing agent with actomyosin, 
but we consider Mg to be the primary relaxing agent’ The usual 
relaxing factors would then exert their effect indirectly by 
removing Ca and thus making it possible for Mg to inhibit 
superprecipitation. In such a scheme, Ca is not considered 
necessary for superprecipitation unless conditions are such that 
an inhibition of superprecipitation by Mg has to be suppressed. 

We do not yet know why some actin preparations form acto- 
myosin complexes which are inhibited only poorly by EGTA 


and Chelex 100. These findings, however, demonstrate that the 


effect of the removal of Ca depends not only on the presence of 
inhibitory concentrations of Mg, but also on certain undefined 
properties of actin. Evidently, the inhibition of superprecipita- 
tion and ATPase activity of actomyosin in the presence of ATP 
needs further study. This fact is emphasized by the experi- 
ments of Parker and Gergely (17) and Maruyama and Gergely 
(35) who found, respectively, that EDTA did not remove calcium 
from myofibrils, nor was EDTA bound by myofibrils. 
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SUMMARY 


1. Some actomyosin preparations superprecipitate very little 
or not at all and hydrolyze adenosine triphosphate at one- 
quarter or one-half of the maximal rate obtained on addition of 
CaCl, to give a concentration of 0.1 m. 

2. A number of preparations which show maximal activity 
without addition of Ca are fully inhibited by iminodiacetate resin 
(Chelex 100) or 1.0 mu ethylene glycol bis(8-aminoethylether)- 
N,N’-tetraacetic acid (EGTA). The experiments suggest that 
both reagents act by removing calcium from actomyosin. 

3. There are indications that in the absence of Ca at 7/2 0.11 
and with 2 mm Mg-adenosine triphosphate dissociation of acto- 
myosin into myosin and actin may have occurred. The evidence 
suggests that at T/2 0.06 and with 1.0 mm EGTA superprecipita- 
tion is inhibited without concomitant dissociation. 

4. Lack of Ca inhibits superprecipitation only if the concentra- 
tion of total Mg is higher than 0.01 mm. This suggests that Ca 
is not necessary for the reactions involved in superprecipitation 
but that it blocks the inhibitory effect of Mg. 

5. Some actomyosin preparations are inhibited only to a small 
extent, even by as much as 1.0mm EGTA. This is shown to be 
a property of the actin moiety. 
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As has been shown in a previous paper (1), the forward course 
of the enzymic reaction, 


ATP + creatine = ADP + creatine-P (1) 


catalyzed by adenosine triphosphate-creatine transphosphorylase 
can be described by a reasonable kinetic scheme. It was shown 
that MgATP?- is the “true substrate,” that the Michaelis con- 
stant is the dissociation constant of the enzyme-substrate com- 
plex, and that the pH-activity curve resembles a single ionization 
curve with pK ~ 6.5. 

It was of interest to study the kinetics of the reverse process, 
the formation of ATP and creatine. Using ADP and creatine 
phosphate as the substrates, we found the effects of Mg“ and 
pH on the enzymic activity to be analogous to their effects on 
the forward process, and the equilibrium constant of Reaction 1, 
which has been previously determined at various magnesium 
ion concentrations (2), satisfied the Haldane equation (3), when 
magnesium nucleotide was considered as the “true substrate.” 

Furthermore, experiments with inosine and cytidine nucleo- 
tides as substrate and the effect of various anions as competitor 
with creatine phosphate gave some information about the active 
site of the enzyme. 


EXPERIMENTAL PROCEDURE 


Throughout this work, the enzyme solution and the reagents 
used for the experiments were prepared and stored as described 
previously (1). Creatine phosphate was prepared by the method 
reported by Ennor and Stocken (4). Analysis for acid-labile 
phosphate (5), inorganic phosphate, and creatine (6) showed 
that the product was 99.3% pure. Enzymatic assay of the 
forward reaction was performed as reported (1). The initial 
rate of the enzyme-catalyzed reaction in the direction of ATP 
and creatine formation was measured by determining creatine 
concentrations in four or five aliquots of reaction mixture pi- 
petted into a-naphthol and diacetyl] solution. Measurements 
were made on samples taken before 10% or less of the substrate 
had reacted. To maintain the desired pH, a buffer of histidine- 
acetate adjusted with NaOH was used. 


* This work was supported by Research Grant H-3599 from the 
National Heart Institute, National Institutes of Health, and by a 
Career Investigatorship of the American Heart Association to one 
of us (M.F.M.). 

_t Present address, Cardiovascular Research Institute, Univer- 
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RESULTS 

Enzymic Activity in Reverse Reaction—Studies of the enzymic 
activity measured in the reverse reaction revealed properties 
similar in many respects to the results reported for the forward 
reaction. Under the conditions in which the concentration of 
magnesium ion exceeds the concentration of ADP added, the 
relations between the reverse reaction velocities and the con- 
centrations of substrates, ADP and creatine-P, were found to 
follow the Michaelis-Menten equation. 

Fig. 1 shows the effect of pH at 30° on the K,, values for ADP, 
at a fixed concentration of 5 mu creatine-P. The value of K. 
was determined as 0.18 mu, a constant independent of the pH 
values in the range of 5.4 to 7.4. The K., value for ADP in the 
presence of excess magnesium ion, at pH 6.4 was also independent 
of variations in concentration of creatine-P in the range from 
1.0 to 5 m (Fig. 2). 

As for the relation of the concentration of creatine-P to the 
reaction rate, experiments at different pH values with fixed 
ADP concentration, or with various concentrations of accom- 
panying substrate, [ADP], at fixed pH, e.g. pH 6.4, gave results 
as shown in Figs. 3 and 4. It was found that the K,, value for 
creatine-P is a constant, 0.8 mu, independent of the pH values 
from 5.0 to 7.4, and also invariant to change of [ADP]. 

The foregoing experiments were carried out in the presence 
of excess magnesium ion, where magnesium ion was supplied as 
magnesium diacetate to avoid specific anion inhibition (see be- 
low). Under such circumstances, most of the added ADP mole- 
cules can be assumed to be the MgADP complex. 

Since MgATP?- is the only effective substrate among the 
possible species of ATP for the forward reaction (1), we may 
assume for the moment (and later amply justify) that MgADP'- 
is the true substrate for the reverse reaction. And if it is sup- 
posed that the equilibria among ADP, H“, and Mg** are es- 
tablished very rapidly compared with any enzymic processes, 
then [MgADP'-] can be calculated as described in (I): 


[ADP*] + [HADP*] + [MgADP*] = Ao 
[Mg?*] + [MgADP*"] = M, 


[HADP*] 
ADP. 


= (K,)(H*) = K,* 
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Fic. 1. Lineweaver-Burk plots at various pH values. Cre- 
atine-P, 0.005 m; magnesium acetate, 0.015 m, histidine-acetate, 
0.05 m (pH adjusted with NaOH); 30°; V is expressed in micro- 
moles of creatine per ug per minute; pH values are indicated. 


5 
V 
| / (ADP) , mu 


Fic. 2. Lineweaver-Burk plots at various fixed concentrations 
of creatine-P. Magnesium acetate, 0.015 Mu; histidine-acetate, pH 
6.4, 0.05 M; numbers show [creatine-P] in mm and is expressed 
in micromoles of creatine per wg per minute. 


in which Ao and Mo are the total concentrations of ADP and 
Mg**, respectively, and K, and Ky, are independently measured 
equilibrium constants. The reaction velocity is assumed to be 
related to [MgADP'-] by the Michaelis-Menten equation. V 
versus Mo curves shown in Fig. 5 were calculated with the values 
of Ky, = 2 X 10° m-’, (7, 8), K. = 10.8 M (9), and K, = 
0.18 X 10M at Ao = 0.5 X 10-*m. The experimental values 
plotted in Fig. 5 are seen to be in good agreement with the cal- 
culated curves. At pH 6.8, however, there is good agreement 
(09d) with the plotted experimental points if ADP be 
considered a competitive inhibitor (analogous to HATP. for 
the forward reaction), but not (——) if the ADP*- be considered 
inert (i.e. neither substrate nor inhibitor). 
method used in the previous paper (1), the equation, 


K; [ADP*] 0 
Veeistive (1 ＋ 1/ Kue) IMgADP. 


could be used to determine the value of K;, the ADP inhibi- 
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Analogous to the 
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tion constant, by plotting the left hand member of the equation 
against [ADP*-]/[MgADP"~], and the slope will be K;/(1 + 1 
Kue). The plot of these values was a straight line and K. wag 
found to be 0.3 X 10-3 M (Fig. 6). 

On the other hand, HADP*-, which is a dominant species of 
ADP at pH lower than 6.0 in the presence of low concentration 
of magnesium ion, did not seem to inhibit the enzyme action. 

From the results mentioned above, it can be noted for the 
reverse reaction that among the species of ADP present in our 
experimental medium, MgADP'~ is the substrate, ADP. jg g 
competitive inhibitor, and HADP?~ does not appear to react 
with enzyme. The Michaelis constants for the substrates 


Verf 


Fic. 3. Lineweaver-Burk plots at various pH values. ADP, 
0.0002 m; magnesium acetate, 0.010 u; histidine-acetate (pH ad- 
justed with NaOH), 0.05 mu; 30°; V is expressed in micromoles of 
creatine per ug per minute; pH values are indicated. CrP, cre- 


atine-P. 
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4 
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Fic. 4. Lineweaver-Burk plots at various — concentrations 
of ADP. Magnesium acetate, 0.015 u; histidine-acetate, pH 6.4, 
0.05 M; numbers show [ADP] in mu and V is expressed in micro- 
moles creatine per ug per minute. (Note: top curve should be 
labeled 0.12 and bottom curve 0.5.) 
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MgADP"- and creatine-P, are each independent of the concen- 
tration of the other substrate, and are not influenced by pH 
change over the range from 5 to 8. Consequently, these Mi- 
chaelis constants are considered as the true dissociation con- 
stants of the enzyme-substrate complex (see previous discus- 
ion (1)). 

wie of pH on Reaction Velocity—Since the binding of neither 
substrate is affected by [H*] in the range pH 5 to 8, the pH- 
activity curve will represent the effect of [H*] on the other 
step(s) subsequent to the binding of substrates to the enzyme. 
Fig. 7 shows the relative reaction velocities at various pH values, 
which were measured under given concentrations of ADP (0.5 x 
10 m), creatine-P (5 Xx 10 ), and magnesium acetate 
(0.015 u) at 30° and 20°. From the figure, the apparent pK 
is seen to be about 6.6 at 30°, and heat of ionization, —1.9 Kcal 


per mole, both in agreement with those values of the forward | 


process. The pH-activity curve of the forward process at 30° 
is also shown in the figure for comparison. 

Relation between Kinetic Constants and Over-all Equilibrium 
Constant—-Taking into consideration the mutual independence 
of K. for each substrate and the absence of pH effect on the 
K. values, the whole reaction sequence can be assumed to occur 
in the following manner (with E representing enzyme): 


[MgATP*] + [EZ] = [MgATP-E] (3) 

[creatine] + [E] lereatine -E] (4) 
(MgATP-E] + [creatine] = [MgATP-creatine- E] (5) 
[creatine-E] + ([MgATP?-] = [MgATP.- creatine: E] (6) 
(MgATP-creatine-E] [MgADP-creatine-P-E] (7) 
(MgADP-E] + [creatine-P*-] — [MgADP-creatine-P-E] (8) 
[creatine-P-E] + [MgADP*-] = [MgADP-creatine-P-E] (9) 
[MgADP*] + = [MgADP-E] (10) 
[creatine-P?-] + [E] [creatine-P-E] (11) 


These are the same type of equations which Botts and Morales 


(10) and more recently Hearon et al. (11) have treated theoreti- 
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° 
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RELATIVE VELOCITY (%) 


0 5 10 15 
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Fig. 5. Initial rate versus [Mg**]. ADP, 0.0005 u; creatine-P, 
0.005 u; histidine-acetate, 0.05 M; 30°. Smooth curves have been 
drawn through calculated values (see text) and experimental 
points are indicated by: Q, pH 6.8; @, pH 6.0; O, pH 5.4; Upper- 
most curve is that for calculated values at pH 6.8, not correcting 
for inhibition by ADP*-. 
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0 2 
[Mg Aby 
Fria. 6. Calculation of the inhibitor constant of ADP. See 
text. 

%100} 

> 

— 

> 

30 

— 

＋ 

J 

uJ 

a 

0 


PH 
Fig. 7. Initial rates of reaction as function of pH. ADP, 
0.0005 u; magnesium acetate, 0.015 u; creatine-P, 0.005 u; his- 
tidine-acetate in the pH range 5 to 8, 0.05 u; glycine in the pH 
range 8 to 9, 0.05 mu; O——O, at 30°; Xx ——-X, at 20°. The corre- 
sponding curve for the forward reaction at 30° (1) is included for 
comparison. 


cally. Under the conditions in which the present system is 
studied (initial steady-state rates), every reaction except Re- 
action 7 is at quasi-equilibrium and, thus, Reaction 7 is rate 
limiting for the process in either direction. Undoubtedly, Re- 
action 7 is a complex reaction, but the pH-activity curves for 
the forward and reverse reactions seem to reflect symmetrical 
acid dissociation and association (respectively) with nearly the 
same pK values and absolute values of the heats of ionization. 
These facts suggest that the rate of Reaction 7 in either direction 
is controlled by a particular (and the same) elementary reaction 
(see, however, the paper of Morales and Hotta (12) for full dis- 
cussion of ambiguity in this conclusion). Thus, based on the 
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TABLE I 
Kinetic and equilibrium constants of creatine enzyme reaction 
| K. — Kapparent 
mM | mM | mum | mM | pmoles/yug/min 
8.9 0.37 | 0.03 0.29 0.25 2.6 3.1 
8.0 0.36 | 0.08 0.076 0.04) 7.6 | 4.0 
0.45 19.0 0. 18 0. 
7.4 0.33 | 0.56 0.010 0.01 4.0 | 4.0 
6.4 0.15 | 1.40 0.0018 7.2 


R values are the same within the experimental error at all 
pH values in the range shown. 

> Vmax represents the maximal reaction velocity extrapolated 
to infinite concentrations of both MgATP and creatine, or MgA DP 
and creatine-P. 


0.4 0.5 
[CrP] 


Fic. 8. Anions as competitive inhibitors of creatine-P. ADP, 
0.0005 m; magnesium acetate, 0.015 m; histidine-acetate, pH 6.4, 
0.05 m; A, control; B, 0.5 M NaCl; C, 0.05 m Na2SO,. 


Of 0.2 


theory' of relation between equilibrium constant and rate con- 
stant, the equilibrium constant of Reaction 7, R“, will be 
Vv 


in which V and V denote the maximal velocities obtained by 
extrapolating to infinite concentrations of both nucleotide- and 
creatine-substrate, in the forward and reverse process, respec- 


1 According to Horiuchi’s theory (13), the equilibrium constant, 
K, is expressed as 
R 2142 
(=) 


in which k and k are the rate constants for the forward and re- 
verse direction, respectively, and » is the stoichiometric number. 
is defined as the number of an elementary reaction occurring for 
every act of the over-all reaction in steady state. In our case, 
the stoichiometric number is unity by definition of the reaction 
sequence. 


(12) 
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tively (with, of course, the same enzyme concentration in eithe 
direction). 

Then, as has been described by Haldane (3), the over 
equilibrium constant, Kappareat, can be expressed by the formuk, 
{[MgADP*] [creatine-P?-] 

[MgATP*-] [creatine] 


K apparent 


V KwgavrK crestine-P 
V Kutarr K creatine 


in which Kygapp, Kugatr, Kerestine-p und Kerestine Are the Mi 
chaelis constants for MgADP'-, MgATP*-, creatine-P* 
creatine, respectively. 

Table I lists the comparisons between Kapparent Values meas. 
ured directly at high concentrations of Mg?* (conditions under 
which the total ATP and ADP are assumed to exist only as the 
Mg complexes) and those calculated by Equation 13. The r. 
sults show reasonable agreement, thus lending further suppor 
to the hypothesis that Reaction 7 is the rate-determining step 

Anions as Competitive Inhibitors of Creatine Phosphate Tbe 
previous paper (1) described the inhibitory effect of various in. 
organic anions such as S0, C-, PO? and structural ans. 
logues that compete with MgATP?-. As shown in Fig. 8, the 
anions are competitive inhibitors of creatine-P. Other expen. 
ments at fixed [creatine-P] showed the anions not to be com. 
petitive inhibitors of MgADP'-. In Table II are listed the 
K. values of various substances for the reverse reaction together 
with those determined for the forward reaction. For any on 
anion, the K. values agree within a factor of four, although the 
measurements were made at different pH values. 

This suggests strongly that added anions interact with the 
same active group of the enzyme molecule, more specifically 
where the y-phosphate of ATP and the phosphoryl! group of 
creatine-P interact. 

Inosine and Cytidine Polyphosphates as Substrate—Inosine and 
cytidine nucleotides were tested for their activities as substrate 
in the presence of excess magnesium ion. The reaction rates 
were measured at pH 9 for the forward reaction and at pH 63 
for the reverse reaction at 30°. Results are shown in Table III 


K’ KweavrK crestine- 


Kereatine 


TABLE II 


Inhibition constants of anions measured at 30° in presence 
of excess magnesium acetate 


Forward reaction | Reverse reaction 
(pH 9% (pH 
Sodium acet ate 0.4 0.35 
Ort hophos phate 0. 13˙ 0.04 
Pyro phosphate 0.011 0.04 
ᷣ 0.27 X 10 | 0.31 xX 10* 
0.28 X 10 é 


«In forward direction anions were competitive inhibitor of 
MgATP (measured in presence of 0.05 u glycine and 0.024% 
creatine). In reverse direction, anions were competitive inhibi- 
tors of creatine-P (0.05 u histidine-acetate and 0.0005 m ADP). 

’ Since reactions were carried out at different pH values, dif- 
ferent ion species probably account for the lack of agreement. 

A competitive inhibitor of MgADP'-. 

Not a competitive inhibitor of creatine-P within limits o 
measurements made. 
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TABLE III 

Kinetic constants of different nucleotide-polyphosphates 
Measurements were made at 30°, 0.05  histidine-acetate in the 
presence of 0.015 Mu magnesium acetate. 


Substrate“ | Km Vmax 
mu pmoles/yg/min 

0.4 0.08 
V 130.0 0.1 
5 
MgADP F 0.18 1.3 
᷑ 12.3 1.2 
MgCDP F 100.0 1.2 


«Concentrations of the accompanying substrate, creatine or 
creatine-P, were 0.024 M and 0.005 M, respectively, so that Vmax 
represents the apparent maximal velocity measured under this 
limitation. 

See text. 


K. values for inosine polyphosphates are 100-fold larger than 
those of adenosine compounds, although the maximal velocities 
are approximately the same. The value of K. for CDP is much 
greater than that of IDP, but Vins: is still of the same order. 
CTP showed no activity as a substrate of this enzyme in the 
forward reaction, even when its concentration was raised to 10 
mu in the presence of 15 mu magnesium acetate. 

Assuming the K,, values represent the equilibrium constant of 
the binding reaction between enzyme and substrate, the affin- 
ities of nucleotides to this enzyme may be arranged in the order 
MgADP'- > MgATP*- > MgIDP'- > MgCDP'- > MgITP*- 
» MgCTP*-. 

DISCUSSION 

In a manner similar to that which established the forward re- 
action as a “Michaelis-Menten” type reaction, the reverse proc- 
ess has been shown to be the same type of reaction wherein the 
substrates are MgADP'~ and creatine-P?-. The smaller value 
of the Michaelis constant for MgADP'~ than for MgATP*~ might 
presumably be caused by a difference in electrostatic attraction 
or repulsion. 

Because the main role of magnesium ion seems to be to form 
the true substrate, the magnesium ion dependency of the ap- 
parent over-all equilibrium constant, reported by Noda et al. (2), 
follows from the present mathematical analysis; in other words, 
it is required that both of the nucleotides, ATP and ADP, be 
magnesium complexes in order to act as effective substrates. 
These effective substrates must have a definite configuration to 
bind with the enzyme and tq transfer the phosphate group. 
The order of binding affinity to the enzyme of the species of 
adenosine polyphosphates is: MgADP'- > ADP* ~ HATP* 
> MgATP?- > 

It was reported by Cho et al. (14) that the hydrogen ion re- 
lease occurs proportionally to the phosphate transfer from ATP 
to creatine. When the Mg-nucleotide complex is taken as the 
substrate, this enzymic reaction may be expressed as 

MgATP* + creatine MgADP'~ + creatine-P*= + H* 
in which the over-all equilibrium constant, K, is 


(14) 


K = 


[MgATP*] [creatine] 
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If the effect of hydrogen ion concentration is not on the en- 
zyme itself, K as defined above must be a constant at any pH. 
Thus the equilibrium constant, K, becomes X. „est X [H*] 
and Table I (last column) indicates that K as a function of pH 
is approximately constant for experimentally determined values 
previously reported (2) as well as for calculated values. To 
calculate K. eee in Table I, the reaction, 


[MgATP*"] + [creatine] = [MgADP*"] + [creatine-P*| (15) 


(sum of Equations 3 to 11) was assumed. In this equation the 
electric charges of the reaction system are not balanced. There- 
fore, the ratio P: J does not include the hydrogen ion concentra- 
tion which must be involved in the true equilibrium constant, K. 

In calculation of the dependence of . „ese on [H*] and on 
—ͤ—e— — — 
and Morales (15) for the ATP hydrolysis equilibrium. One 
assumes the following equilibria, 


[MgATP*] 
IMS 


(MgADPr] 


a’ = a{Mg**] and 8 = 


Setting 
then 


Ar. (1/a’)[MgATP*] 
[ADP*} = (1/3’)[MgADP*} 


{(HATP*} = (1/K,*)(ATP*] 
= (1/K,*)[ADP*] 
[creatine-P*-] = (1/K,*)(creatine-P*-] 
in which 
K,* = K,/(H*] 
K:“ = 
K,* = K,/{H*] 


and RK, Kz and XK. are the dissociation constants, respectively. 
Then, for total concentrations of reactants, one has: 


[ATP], = RAT. III + 1/a’ + 1/(a’K,")} 
[ADP], = [MgADP*}{1 + 1/8’ + 1/(8’K;*) 
[creatine-P], = [creatine-P*-]{1 + 1/K,*} 
[creatine], = [creatine] 
Therefore, the equilibrium constant as measured will be, 


xe = 
IATPhlereatineb 
apparent — 


{1 + 1/a’ + K. 0 


in which Kopperest = [MgADP"] 
[creatine] (Equation 13), i.e. the Kupperent calculated with the 
kinetic constants. Table IV shows the values of K* at dif- 
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TABLE IV 


Comparison of equilibrium constants al various pH values 
and Mg** concentrations 


Concentrations at equilibrium are expressed in mM. 


pH Arr. | Creatine | Abpe Crepine- niger | (ob; | Ki 
8.9 20 3.13 3.46 1.81 1.48 15.1 0.25 0.20 
6 | 1.61 | 21.18 | 2.782 | 2.52 2.4 | 0.29 0.23 
2 0.73 | 20.75 | 3.21 | 2.95 0.2 | 0.64 0.41 
8.0 20 ate 4.272 1.00 | 0.668 15.2 0.040 | 0.066 
6 | 2.33 | 22.35 1.605 1.35 2.3 | 0.042 | 0.078 
2 1.74 21.76 | 2.20 | 1.94 0.08 | 0.11 0.33 
7.4 20 4.30 4.63 | 0.741 | 0.309 | 15.4 | 0.010 | 0.0093 
6 | 3.00 | 23.0 0.940 | 0.675 2.2 | 0.0095 | 0.011 
2 2.44 | 22.46 | 1.505 | 1.24 0.04 | 0.034 | 0.108 


* Measured values previously reported (2). 
o See Equation 16 and text. 


ferent pH values and Mg“ concentrations which were calculated? 
with Equation 16 and the values of A, = K: = 10-** M, Ky = 
10-44 u (18), a = 90 Xx 10° u, and 8 = 2 x 10 um. The 
agreement is good. 

By the method employed by Podolsky and Morales (15), the 
number of protons which are removed per one act of the re- 
action expressed by Equation 15 is also calculated. In the 


2 Calculations for a’ and 8“ were made with free magnesium ion 
concentration, which is available from the following equation: 


Mo = [Mg**] + [MgATP*-] + [MgADP*] 
bie. + 1/Ki* + alMg**] 1 


in which Me is the added concentration of magnesium in the sys- 
tem. 


Then, 
+ ja + + 0+ + aB([ATPh + [ADPh — uo} 
1 
+{1 ＋alATPU + IATPh 


1 1 


Histidine buffer near neutrality and, glycine buffer do not ha ve 
a significant effect on the concentrations of the Mg** nucleotide 
complexes. The binding of Mg** to histidine near neutral pH 
values may be assumed to be almost the same as the binding of 
Mg to glycine (16). Monk (17) has reported the logarithm of 
the stability constant of magnesium-glycine complex as 2.06. 
Thus, the association constant for MgADP* and MgATP* are 
at least 20- and 400-fold greater than that of Mg** with histidine 
or glycine. Experimentally, in the range of buffer concentration 
from 0.05 m to 0.1 m, there was observed no significant difference 
in the reaction velocity versus [Mg**] relationship. Also, calcu- 
lation of the [Mg] allowing for formation of the magnesium- 
histidine or magnesium-glycine complex showed that making no 
such allowance resulted in errors of less than 4%. 
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same manner as Equation 7 of (15), the proton number, gy, wil] 
be 
1 1 
n + Kit TI TR. +1 17 K;* 


Adopting the pH values and Mg“ concentrations as listed in 
Table IV, gu was calculated and the values of en ranged from 
1 * 10* tod x 10-*. These values of ęn suggest that stoichio- 
metric balance of charges is retained by some other reaction 
than acid dissociation of the free reactants of Equation 15. 

The experimental results on inosine and cytidine polyphos. 
phates (Table IIT) indicate that the purine or pyrimidine moiety 
of the nucleotide influences only the affinity of the nucleotide to 
the enzyme, not the reaction of phosphate transfer, because the 
Michaelis constant for the nucleotide changes markedly with 
different nucleotides whereas Vax is constant. The affinity 
constants for Mg** of different nucleotides were reported by 
Hotta, Brahms, and Morales (19) and Walaas (20). Differences 
in the values of the affinity constants of Mg-nucleotide is not 
the reason for different K., values for various nucleotides since 
the concentration of Mg**+ was high enough to bring [Mg-nucleo. 
tide] to nearly the same value as the total nucleotide concentra. 
tion. Consequently, it may be that the 6-amino group of the 
purine moiety has a direct effect on the binding reaction be- 
tween the enzyme and nucleotide. Likewise, the pyrimidine 
nucleotide, even though 4-amino group is present, bears much 
less affinity to the enzyme than does the corresponding purine 
nucleotide. 


SUMMARY 


1. Effects of Mg*+ and pH on the activity of adenosine tri- 
phosphate creatine transphosphorylase (creatine kinase) are of 
the same character in both the forward and reverse processes. 

2. Inorganic anions such as Cl- and 802 are inhibitors 
which compete with creatine phosphate in the back reaction. 
Inhibitor constants related to the creatine phosphate are of the 
same order of magnitude which were measured related to adeno- 
sine triphosphate. 

3. The over-all equilibrium constant, K, is to be expressed as, 


Vv Kwgavr Kereatine-P 


V Kugatr Kereatine 


in which V and V are the maximal reaction velocities of forward 
and back reaction, respectively, and the K values with sub- 
scripts are the Michaelis constants. 

4. Inosine and cytidine polyphosphate may substitute for 
adenosine polyphosphate, with similar maximal velocity but are 
low in affinity to the enzyme. 
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The organic matrix of dental enamel is produced by mor- 
phologically characteristic cells of the enamel organ (ameloblasts), 
which are derived from the stratified epithelial cells of the primi- 
tive oral cavity (1). On the basis of its ectodermal origin, as well 
as its chemical composition, physical properties, and histochemical 
staining characteristics, the protein component of the organic 
matrix, which accounts for the bulk of the organic material, has 
been classified as a eukeratin (2-6). 

Reports of the amino acid composition of the total enamel 
protein, as well as soluble and insoluble fractions, have varied 
considerably (2-8). The discrepancies seem to stem primarily 
from the difficulty of isolating sufficient quantities of enamel 
protein free from the underlying dentin which contains ap- 
proximately 40-fold more protein, principally collagen, than fully 
calcified enamel, and from surface protein “cuticles” (either 
remnants of the enamel organ or films deposited from saliva). 

Previous work from this laboratory has shown that it is possible 
to separate cell-free ethylenediaminetetraacetate-decalcified 
enamel matrix from both the cellular enamel organ and the 
underlying dentinal collagen of fetal unerupted bovine incisor 
teeth at certain ages of the fetus (9). Furthermore, both the 
histological structure of the matrix and its molecular configura- 
tion as determined by x-ray diffraction are preserved (9). It was 
thought that an amino acid analysis of the cell-free organic matrix 
of enamel which had been histologically, histochemically, and 
crystallographically characterized would prove of value, since 
this has not been accomplished in the past. 

The x-ray diffraction studies previously mentioned (9) re- 
vealed that the protein was in the cross-8 configuration. Except 
for the suggested cross-8 configuration of actomyosin films after 
treatment with adenosine triphosphate (10), the enamel protein 
is the only naturally occurring vertebrate protein thus far re- 
ported to be in this particular molecular configuration. The 
only other naturally occurring cross-8 proteins are the silk-like 
protein of the chrysopa egg stalk (11) and the protein of bacterial 
flagella (12). 

Since the nature of the polypeptide chain configuration 
responsible for the cross-8 diffraction pattern is still under 
investigation (11, 13-15), it was felt that a complete amino 
acid analysis of a naturally occurring protein which had this 
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particular configuration might provide some help in elucidating 
the structural problem. 
Our further interest in the chemical, as well as the 

nature of enamel protein stemmed from the increasing evidence 
that the organic matrices of mineralized tissues are intimate) 
involved in the initiation and control of crystallization (16-19), 
Dental enamel is the most highly calcified of all vertebrate tissues, 
and recent electron microscopic studies of the early stages of 
enamel mineralization (20, 21) have suggested that the organic 
matrix plays a role similar to that proposed for the collagen of 
bone and cartilage in the nucleation of the inorganic calcium. 
phosphate crystals of apatite. 


EXPERIMENTAL PROCEDURE 


Isolation of Enamel Matriz—Unerupted incisor teeth of the 
lower jaw of heads from 4- to 6-month-old embryonic Holstein 
and Angus calves were carefully dissected, wiped clean of sur. 
rounding connective tissue and capsular material, and briefly 
rinsed in cold buffer solution (0.02 m sodium diethylbarbiturate, 
KCl T /2 0.165, pH 7.4). A silk suture was placed through the 
root of each tooth, and the teeth were suspended crown down- 
ward in individual vessels containing 0.3 m EDTA, adjusted to 
pH 7.4. Decalcification was carried out at 4°, with thymdl 
crystals added for bacteriostasis. 

Within 3 to 4 days, two separate soft tissue membranes were 
seen grossly and were separated from the tooth under the 
dissecting microscope. The inner one was identified histolo- 
cally and histochemically as cell-free, microscopically dentin-free 
enamel matrix proper, and x-ray diffraction patterns of oriented 
films showed a typical cross-8 configuration without any evidence 
of collagen. 

Amino Acid Analysis—The delicate membranes, identified 3 
the cell-free enamel matrix, were carefully washed free of EDTA 
with cold buffer solution (0.02 m sodium diethylbarbiturate, 
KCI I'/2 0.165, pH 7.4) over a period of several days, washed 
free of buffer and salt with distilled demineralized water, placed 
in previously tared 10 X 75-mm hydrolysis tubes, and dried to 
constant weight at 50° in a vacuum oven. Hydrolysis wa 
carried out in triple distilled, constantly boiling HCI for 2 
hours at 105° in sealed tubes. The hydrolysates were taken to 
dryness, washed three times with demineralized distilled water, 
and pooled to obtain sufficient amounts for quantitative amino 
acid analysis. 

The amino acid analyses were carried out by ion exchange resid 
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chromatography with a commercial model' of the automatic 
amino acid analyzer described by Piez and Morris (22). A total 
of 12 samples ranging from 1.04 to 4.83 mg of protein and 
representing & total of 24.24 mg of protein were analyzed. 

Very small peaks representing hydroxyproline were found in all 
samples. Because of the low extinction coefficient of hydroxy- 
proline when caused to react with ninhydrin, it was very difficult 
to compute accurately the values from the charts directly. 
Therefore, photographs were taken of the hydroxyproline peaks, 
magnified approximately three times, and the values computed 
with the aid of a standard containing 0.05 um hydroxyproline. 

In addition, aliquots of several of the hydrolysates were 
analyzed before chromatography for hydroxyproline by the 
method of Stegeman (23), and in one sample the eluent of the 
resin column containing hydroxyproline and aspartic acid was 
diverted into a 25-ml volumetric flask before mixing with 
ninhydrin had occurred. The eluent was brought to volume, 
and an aliquot was analyzed for aspartic acid by the method of 
Moore and Stein (24). The remainder of the solution was taken 
to dryness, dissolved in a small amount of water, desalted by the 
method of Mechanic and Levy (25), and analyzed directly for 
hydroxyproline by the method of Stegeman (23). 

Losses of serine, threonine, hydroxyproline, proline, and 
tryptophan during acid hydrolysis were taken into account by 
hydrolyzing a standard mixture of amino acids in exactly the 
same fashion as was used for the enamel matrix. These cor- 
rections were 2 to 4%, except for tryptophan, which was ap- 
proximately 60%. The magnitude of this latter correction is of 
little importance because of the small amount of tryptophan 
recovered. 


The average amino acid composition of fetal bovine dental 
enamel protein expressed as residues per thousand total residues 
issummarized in Table I. The results are compared with those 
of developing enamel of human fetal central incisors (7). It 
should be noted in comparing these values that the latter in- 
vestigation was carried out on the entire calcified enamel and not 
the EDT A-decalcified residue and therefore represents both the 
soluble and insoluble enamel proteins. 

The data in Table I show that the amino acid composition of 
the bovine fetal enamel protein reported here is similar to that 
reported by Eastoe (7) for human fetal incisor enamel. The 
characteristic features, already noted by Eastoe (7) are the very 
high proline content, (higher than for any previously reported 
protein); a high content of glutamic acid compared to aspartic 
acid; relatively high methionine content; and tyrosine content 
exceeding phenylalanine content. The cystine content is very 
low compared to that of epidermal keratin and other members of 
the keratin-myosin-epidermin-fibrin class. The most significant 
difference is our consistent finding of hyroxyproline and hy- 
droxylysine, neither of which was reported to be present by 
Eastoe (7). 

Because of the small number of hydroxyproline residues in the 
protein and because of the technical difficulties involved in 
computing the values of the small peaks on column chromatog- 
taphy, the value given in Table I must be considered as only 
approximate. Direct colorimetric determination of hydroxy- 

Manufactured by Phoenix Precision Instrument Company, 

phia, Pennsylvania. 
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TaBLe I 
Amino acid composition of dental enamel matriz 
(Residues of amino acid per 1000 total residues) 


Decalcified bovine fetal enamel matrix | Human fetal enamel 
Present work 
A of 12 Standard — 
2 deviation 

Glycine. ......... 71.5 3.3 65.0 
Alanine.......... 20.7 1.2 20.3 
Valine ........... 34.4 2.1 39.6 
Isoleueine 27.3 1.5 32.7 
Leucine.......... 97.2 2.1 91.3 
Proline 215. 0˙ 9.1 251 
Hydroxyproline 3.45˙ 1.06 0 
Phenylalanine 36.3 1.6 23.4 
Tyrosine......... 48.8 2.3 53.4 
Tryptophan...... 1.78* 0.29 

Serine. .......... 69.6* 4.7 62.5 
Threonine 29.7* 1.3 38.1 
Methionine. ..... 48.67 4.4 42.3 
Half-cystine .... 1.86} 0.64 <4 
Hydroxylysine 2.25 0.33 0 
Lysine........... 19.3 1.4 17.7 
Histidine. ....... 61.7 3.3 64.5 
Arginine. ........ 26.1 2.6 23.3 
Aspartic acid 37.4 1.2 30.3 
Glutamic acid 147.7 5.3 142 
Amide N......... 175.4 10.5 146 


* Corrected for destruction during hydrolysis. 
t Total of methionine and methionine sulfoxides. 
t Recovered as cysteic acid. 


proline on aliquots of the hydrolysates or on the hydroxyproline 
fraction diverted from the resin column gave values of the same 
order of magnitude, however. 

A small peak coming off the column immediately after alanine 
was noted in all samples of enamel matrix. This was identified as 
galactosamine in the following manner. By increasing the pH 
of chamber 4 of the varigrad (67 ml of pH 2.9 buffer and 8 ml of 
0.8 m citrate) the galactosamine peak of standard solutions ap- 
peared completely separated from the alanine, occurring closer 
to the valine peak. The small peak of enamel matrix hydroly- 
sates behaved similarly. No glucosamine, which the above 
modification would separate from glycine? was detected. 


DISCUSSION 


Although the protein of dental enamel is produced by cells 
derived from the stratified gingival epithelium, both its molecular 
configuration (9) and its amino acid composition distinguish it 
from the characteristic epidermal keratins and collagen (26, 27). 
The amino acid composition of gingival epithelium was not 
determined, but x-ray diffraction showed it to be a typical a- 
keratin (9). A recent electron microscopic study of developing 
enamel (21) has demonstrated that unlike epidermal keratins, 
which result from the desquamation and degeneration of the 
squamous epithelial cells, the enamel matrix filaments are formed 
extracellularly by ameloblasts. Thus, the morphological dif- 
ferentiation of the oral epithelial cells to ameloblasts appears to 


2 K. A. Piez, personal communication. 
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be accompanied by functional changes both in the method of 
matrix production and in the configuration and composition of 
the protein component produced. 

A variation in the amino acid composition from sample to 
sample was found, which was larger than that observed by 
applying similar techniques to purified proteins; therefore, it is 
probably not due to experimental error but to variation in the 
composition of the decalcified enamel matrix. As far as can be 
determined from the histological, x-ray diffraction (9), and elec- 
tron microscopic studies,“ the structure and configuration of the 
enamel matrix has been preserved in samples prepared as de- 
scribed. 

Except for the analyses reported by Eastoe (7) and by Piez and 
Likins (S),“ which showed no hydroxyproline, all previous studies 
of enamel protein have demonstrated the presence of relatively 
large amounts of hydroxyproline (2-6). The latter appears to 
be due primarily to contamination with dentinal collagen, since 
there was also present a high content of glycine and alanine. On 
the other hand, with the chromatographic techniques and small 
protein sample (0.8 mg) employed by Eastoe (7), the small 
amount of hydroxyproline reported here might not have been 
detected. 

Although there appeared to be some correlation between the 
amount of hydroxyproline found and the total amount of amino 
acids in any one sample, the inaccuracies in determining the small 
amounts of hydroxyproline are such that it is not possible to tell 
whether the hydroxyproline content is proportional to sample 
weight. Therefore, our results cannot resolve the question of 
whether hydroxyproline is a constituent of enamel matrix or 
whether it represents a small (~3%) contamination with col- 
lagen. 

On the other hand, the presence of hydroxylysine cannot be 
accounted for on the basis of collagen contamination. Con- 
sidering that there are 103 residues of hydroxyproline and 13 
residues of hydroxylysine per 1000 total residues in bovine 
dentinal collagen (8), the maximal number of hydroxylysine 
residues per thousand residues to be expected from collagen 
contamination based on the hydroxyproline content would 
amount to approximately 0.4 residue. Since approximately 2.25 
residues of hydroxylysine per 1000 residues were found, it can be 
concluded safely that enamel matrix contains hydroxylysine. 
Except for collagen and trypsin (28) therefore, enamel protein 
appears to be the only other protein thus far isolated which 
contains hydroxylysine. 

Whether the galactosamine is part of the enamel protein per se, 
bound tightly, or a part of a ground substance protein, cannot be 
answered. Despite extensive investigations, a similar problem 
has not yet been resolved with respect to the hexosamine content 
of highly purified collagens. Although no glucosamine was 
detected, a small amount might have been present, and destroyed 
during hydrolysis (29). 

A number of investigators (30, 31) have indicated that pyr- 
rolidine residues cannot be accommodated in the a-helix. Since 
approximately one out of every five residues is proline, steric 
considerations make it unlikely that a significant amount of the 


? Unpublished results from this laboratory. 

‘ Piez and Likins have reported in a private communication 
that they have since recovered small amounts of hydroxyproline 
in embryonic porcine enamel and that their more recent analyses 
are substantially similar to those reported here. 
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protein could be in the a configuration characteristic of t 
epidermal keratins (32). This has been confirmed by the xn 
diffraction studies previously cited (9). 

Preliminary model-building experiments have indicated that; 
would be difficult to accommodate pyrrolidine residues in th 
pleated sheet type of structures proposed for the g configuratig, 
by Corey and Pauling (33) without considerably disrupting gy 
configurations. It was found, however, that by introducing, 
180° bend in the polypeptide chain at each pyrrolidine residy 
the pleated sheet structure could be maintained, with th 
disruption of only one hydrogen bond per pyrrolidine residy 
The resulting structure consists of polypeptide chains folded bag 
on one another, in a fashion similar to that proposed by Astbun 
et al. (13), for the cross-8 configuration in supercontracted pn 
teins. On the basis of the models constructed, it would appey 
that the number of residues between adjacent prolines need ny 
be constant; as long as there are two amino acids on the NI. 
terminal end and one on the COOH-terminal end of the amin 
acid, the hydrogen-bonding pattern can be maintained. 

It is significant that model-building experiments have 1 
dependently indicated that proline can be accommodated in; 
structure which is similar to that proposed by Astbury et al. (13 
for the cross-8 configuration, and that the x-ray diffractiq 
studies of enamel protein do in fact show the cross-8 patten 
(9). 

If the organic matrices of mineralized tissues are intimate) 
concerned with the mechanism of crystallization by providig 
sites for the heterogeneous nucleation of the inorganic crystak 
(34), it is of interest that a protein for which both molecu 
structure and amino acid composition differ from collagen is al 
able to initiate the formation of apatite crystals. 


4 


SUMMARY 


The histologically and structurally characterized enamel pm 
tein matrix of 4- to 6-month-old fetal bovine incisor teeth, whic 
is insoluble in ethylenediaminetetraacetic acid, neutral buffer, 
and water, has been isolated and its amino acid compositin 
determined. Its amino acid composition readily distinguishe 
it from epidermal keratins and collagen. It is characterized bs 
a very high proline content (215 residues per 1000 residues) and 
the presence of hydroxylysine. Although a small amount d 
hydroxyproline was found in all samples, it is not possible to ss 
whether this represents contamination with collagen, or whethe 
the enamel protein contains hydroxyproline. 

Model-building experiments which have taken into account 
the high proline content have independently indicated thst 
existence of a cross-8 structure is compatible with the previous 
reported x-ray diffraction results. 
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The potent frog skin-lightening agent melatonin“ was isolated 
from pineal tissue and characterized as N-acety]-5-methoxy- 
tryptamine by Lerner, Case, and Takahashi (1). Recently, 
Axelrod and Weissbach (2), studying the biogenesis of this 
hormone, have shown it to be the product of a specific methylating 
enzyme system in the pineal gland which acts on the substrate 
N-acetylserotonin, a substance previously found to be a metabo- 
lite of serotonin by Melsaac and Page (3). 

Another compound isolated from pineal tissue proved to be 
5-methoxyindoleacetic acid (1), and there have been some dif- 
ferences of opinion regarding the biogenesis of this compound. 

To study the metabolic fate of melatonin and the biogenesis 
of 5-methoxyindole acetic acid, N-acety]-5-methoxytryptamine-- 
C™ and 5-methoxytryptamine-8-C™ were synthesized. 


EXPERIMENTAL PROCEDURE 


Compounds—5-Methoxytryptamine was synthesized by the 
method outlined in Fig. 1. 5-Methoxyindole was converted to 
5-methoxygramine (4). The quaternary methylsulfonate was 
prepared and condensed with KCN (5). The resulting nitrile 
was then reduced with LiAlH, (6) to give crystalline 5-methoxy- 
tryptamine (m. p., 120-121°) (7). Melatonin (N-acety]-5-meth- 
oxytryptamine) was obtained by acetylating 5-methoxy- 
tryptamine in a minimal amount of acetic anhydride. The 
reaction mixture was left overnight at 10°, diluted with water, 
made slightly alkaline, and extracted with CH: Clz. The solvent 
was removed in a vacuum and the residue recrystallized from 
toluene (m.p., 115-116°) (found: C 66.88, H 6.87, N 11.57; 
C13HieN2O2 requires C 67.22, H 6.94, N 12.06). 

5-Methoxyindole-3-acetic acid (m. p., 150-151°) was obtained 
by saponification of 5-methoxyindoleacetonitrile with NaOH. 
10-Methoxyharmalan was prepared by boiling N-acety]-5- 
methoxytryptamine with P.O; in xylene (8). 

and 5-methoxytrypt- 
amine-8-C™, with specific activities of 989 ne per g and 775 ue 
per g, respectively, were synthesized by the preceding methods, 
the Ci being introduced by using KC“N. The products had the 
same melting points as the authentic compounds and the melting 
points of mixture with these were not depressed. These com- 
pounds were subjected to paper chromatography in Solvents A 
and B, and the chromatograms sprayed with Ehrlich’s reagent 
(p-dimethylaminobenzaldehyde) and scanned. Each compound 


* A preliminary report of this work was presented at a meeting 
of the Biochemical Society (British) in May 1960. 

t This investigation was supported financially by the Gertrude 
H. Britton Fund. 


gave only one indole spot and only one corresponding peak oj 
radioactivity. 

Animals—Male and female albino and hooded rats of 200 to 
250 g, and female rabbits of Dutch or albino strains weighing 
2.5 to 3 kg were used. Melatonin and 5-methoxytryptamine ip 
aqueous solution were administered to rabbits and to rats by 
intraperitoneal injection or by stomach tube. Animals wer 
fed on a standard diet, but were deprived of food, although not 
water, on the experimental day. 

Chromatographic Method—Descending chromatography was 
employed for the detection of metabolites in urine and urine 
extracts. The solvents, R, values, and color reactions of 
reference compounds are given in Table I. Radioactive chroma. 
tograms were used for radioautography and scanned with 3 
scanogram RSC-5 (Atomic Accessories, Inc.). For the isolation 
of metabolites, a 34- X 2.5-cm cellulose (Whatman, standard 
grade) column and Solvent A were used. 

Measurement of Radioactivity— Measurements were carried out 


on solid samples of infinite thickness” on nickel planchets with | 


an end window counter tube, the background of which was 18 
c.p.m. The specific activities were determined by comparison 
with a stable polymer reference. A sample of 4 cm}, containing 
0.1 he of C per g of substance, gave approximately 250 c.p.m. 

Urine and Tissues—Estimation of radioactivity in urine or 
tissues was made on the residue obtained by evaporating urine 
or tissue homogenates directly on the planchets. 

Isotopic Dilution Methods—For the estimation of metabolites 
by isotopic dilution, urines were collected from each rat for 24 
hours. The volumeused depended upon the substance estimated. 

§-Methoxyindoleacetic Acid—5-Methoxyindoleacetic acid (200 
mg) was dissolved in an aliquot of urine and kept for 2 hours to 
equilibrate. The solution was then adjusted to pH 5 to 6 (HC) 
and the 5-methoxyindoleacetic acid extracted with ether. The 
extract was evaporated to dryness and the residue recrystallized 
from benzene to constant specific activity (m.p. and mixed 
m.p., 120°). 

10-Methoxyharmalan—10-Methoxyharmalan (50 mg) was dis- 
solved in an aliquot of urine and kept for 2 hours to equilibrate. 
The solution was then adjusted to pH 9 to 10 and extracted with 
ether. The extract was evaporated to dryness and the residue 
was sublimed in a vacuum. The sublimate was dissolved in 
ethanol and 1 equivalent of picric acid added. The mixture was 
boiled and then left at 5° for 12 hours, after which time the 
precipitate was filtered and recrystallized from alcohol (mp. 
and mixed m.p., 258°). 
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CH,0 CH, C'H,NHCOCH, M30 CHa C don 
Acetylation 
NH N N 

peak of ['*c] N-Acetyl-S-methoxytryptomine S-Methoxytryptamine 5-methoxyindole- 
+ 200 U (Melatonin) acetic Acid 
eighing Fic. 1. Radioactive melatonin, 5-methoxytryptamine, and 5-methoxyindoleacetic acid were synthesized according to this 
minen 
rats by 
Is were I 


ugh not Descending paper chromatography on What man No. | paper was employed. Solvent systems used were: A, propan-l-ol-NH; (8:2); 
and B, n-butanol-acetic acid-water (4:1:5). Solvents were run for 14 hours. For excitation of fluorescence, an unfiltered ultraviolet 
hy was} lamp was used. 


d urine Ry values in solvent Color of spots on paper with 
lons of Compound Fluorescence 
*hroma- A B 1° 2 3 4 5 6 
with a} —— 
/ ccndvesennvecneestareseae 0.48 0.54 | Blue Blue | Yellow Yellow Blue 
tandgrd 5-Hydroxyindoleacetic acid............... 0.15 | 0.80 | Blue Blue | Red Blue 

MVAeetylserotoninnnn 0.70 | 0.81 Blue | Red 
hed ext AA AA 0.84 0. 85 Blue | Yellow Yellow None 
Met hoxytrypt amine 0.76 0.64 Blue Yellow None 
ts with 5-Methoxyindoleacetic acid.............. 0.14 0.82 Blue None 
wes 8 y -Acetyl-6-hydroxy -5-methoxy- 
— / ²˙ 0.37 0.26 Blue Red Red Blue Blue 
taining V-Acetyl-6-hydroxy-5-methoxytrypta- 
e. p. m. D A 0.55 0.35 Blue Pink Red (de- Pink Blue 
rine or (faint) layed) (faint) 
g urine N-Acetyl-6-hydroxy -5-methoxytrypta- 

mine-O-glucuronide.................... 0.20 0.20 Blue | Pink Blue 

(faint) 

MAeetyl-5:6-dimet hoxytrypt amine 0.20 0.11 Blue None None None 
for 24 Methoxyharm alan. 0.76 | 0.87 | Yellow None None | None None Blue 


id (200 »The sprays used for detecting compounds on paper were: 1, Ehrlich's reagent (p-dimethylaminobenzaldehyde, 0.5% solution, in 

ours to | 1.5N HCl); 2, 0.1% aqueous solution of Brentamine Fast Red B salt, followed by saturated NaH CO,; 3, 0.5% aqueous solution of so- 

5 (HC!) dium nitrite and 0.1% solution of sulfanilic acid in 0.15 N HCl (1:30); 4, Naphthanil diazoblue B (tetrazotized di-O-anisidine), 3% 

. He a plus borate buffer, pH 9 (3:2); 5, 1,3-naphthalenediol and trichloroacetic acid in butanol; and 6, bromocresol green, 0.05% in 
et 4 


Oxidizing System in Vitro—Use was made of the model oxidia - the activity was excreted in the urine within 24 hours. The rate 
vas dis: ing system described by Udenfriend et al. (9) which has been of elimination is shown graphically in Fig. 2. 


‘librate. | ‘ound to hydroxylate indoles in the 6-position (10). The percentage distribution of 5-methoxytryptamine in, and 
ed with * the specific activity of, the tissues 3, 3, and 6 hours after ad- 
residue ministration are given in Table II. 

Swed is Rate of Excretion and Distribution in Tissues of Adminis- Identification of Metabolites Paper chromatography of the 
anita tered 5-Methyorytryptamine-B-C™ urine of rats given 5-methoxytryptamine-8-C™ revealed the 
me the The rate of excretion of metabolites in the urine and feces presence of one major metabolite which had the same R. and 
1 (mp. after administration of 3 mg of 5-methoxytryptamine-8-C™ to color reactions in Solvents A and B as 5-methoxyindoleacetic 


tats was measured by the activity present. More than 80% of acid. More than 90% of the radioactivity was associated with 
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— 2 A rabbit was given 7 mg of N -acetyl-5-methoxytry ptamine. 
(% Dose) 8-C™ and killed after 1 hour. Urine, collected during this time 


° and from the bladder post mortem, contained 12.4%. Bile 
collected from the gallbladder post mortem contained 0.3% 
of the administered radioactivity. Excretion of activity into 

60- the bile, therefore, represented 4% of the total. 

The percentage distribution of N-acety]-5-methoxytryptamine. 

B-C"* in the tissues of rats and specific activity 3, 3, and 6 hours 

after administration are given in Table III. 


20- Characterization and Attempted Isolation of Metabolites of 
Melatonin in Rabbit Urine 
‘ Melatonin, 0.8 g, was given to each of six rabbits and the 24 
10 8° hour urine samples were collected and pooled. 
The pooled urine gave a positive Ehrlich’s reaction on paper 
Fic. 2. Total excretion of activity in the urine of rats dosed and a positive color reaction with Brentamine reagent (Fast Red 


80 


40 — 


with 5-methoxytryptamine-8-C™. B salt), indicating the presence of phenolic compounds. 4 
naphthoresorcinol reaction was strongly positive, indicating the 
Tasue II presence of a glucuronide; however, the aqueous phase remained 


Tissue distribution of 5-methorytryptamine-B-C™ in rats 


Rat No. 1 Rat No. 2 Rat No. 3 
(given Smg) | (given ne) | (given 5 mg) RADIOACTIVITY 
(% Dose) 
Tissue distribution after 80 - 1 
30 minutes 3 hours 6 hours URINE 
wc/e® | % | | % | % 60 - 
V 0.16 16.3 0.06 | 6.12 0.07 7.2 
A 0.11 0.47 0.009 0.03 0.017 0.05 
0.1 0.71 0.007 0.04 0.016 0.1 
V 0.16 8.1 0.013 0.67 0.033 1 
. 0.07 0.25 0.004 0.01 0.013 0.3 
Z 0.23 4.1 | 0.035 0.3 | 0.194 1.2 
Skeletal muscle 0.03 7.1 | 0.003) 0.63 | 0.012) 3.7 20- 
8 0.033 0.6 0.004 0.03 0.012 0.085 — 
| 37.63 | 12.64 
* Specific activity. TIME , HOURS 


Fic. 3. Total excretion of activity in urine and feces of rats 
this metabolite. The presence of a very minor amount, about 2%, dosed with N-acetyl-5-methoxytryptamine-8-C™. 
of unchanged 5-methoxytryptamine was also shown by scanning. 


5-Methoxyindoleacetic acid-8-C™, 10 mg, was given to each TABLE III 
of two rats and the 24-hour urines were collected and chromato- Tissue distribution of N-acetyl-5-methorytryptamine-8-C™ 
graphed. Only one peak, with R, in Solvents A and B cor- : 
responding to 5-methoxyindoleacetic acid, was revealed by As vel 1 2 
scanning. 
Determination of Major Metabolites—5-Methoxytryptamine- Tissue distribution after 
-C, 3 mg, was given to each of three rats, and the 24-hour 
urines were collected and used for determination of 5-methoxy- $0 extnutes 5 hours * 
indoleacetic acid by the isotope dilution technique. 5-Methoxy- w/e? | % | wel? | % | pele? | % 
indoleacetic acid, in an amount which represented 96.8% of the Blood.................. 0.084 10.8 0.026 3.3 | 0.02 | 2.6 
administered 5-methoxytryptamine, was found. U 0.06 | 0.33 0.002} 0.01 | 0.002) 0.008 
0.053 0.44 0.002] 0.02 0. 001 0.008 
Rate of Excretion and Distribution in Tissues of Administered Liver. 0.25 | 16.2 | 0.02 | 0.82 | 0.01 | 0.52 
0.22 3.1 0.014 0.2 | 0.08 — 
retion 0.03 | 0.26 0.003) 0.021) 0. 
nnn 0.02 13.7 0.008 5.4 None 


administration of 5 mg of N-acety]-5-methoxytryptamine-8-C" to 
8 1 by the activity p t. Some 70% of the D 0.02 | 0.13) 0.003) 0.03 | N 
administered radioactivity was excreted in the urine and 20% in Totaall. 44. 9.8 3.99 
the feces in 24 hours. The rate of elimination is shown graphi- — 
cally in Fig. 3. * Specific activity. 
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intensely blue after extraction with ether or ethyl acetate, indi- 
eating that much of the color was due to the production of a 
chromophore other than that due to glucuronic acid. Pre- 
liminary chromatography disclosed the presence of a major 
metabolite (Ry 0.55 in Solvent A) which gave positive Ehrlich 
and naphthoresorcinol reactions on paper, indicating it to be an 
indole glucuronide. A minor metabolite, R. 0.2, also gave a 
positive indole reaction. Since we assumed, erroneously, that 
the major metabolite was a glucuronide, an attempt was made to 
isolate it by the lead acetate precipitation method (11). The 
final fraction which should have contained the glucuronide gave 
3 very weak naphthoresorcinol reaction, and chromatography 
revealed the presence of only a trace of the major metabolite. 
On chromatographing all the fractions obtained during the lead 
acetate precipitation, it was found that most of the major me- 
tabolite was present in the supernatant solution from the basic 
lead acetate precipitation. It was also found that, although the 
material gave a false positive naphthoresorcinol reaction, the 
color not being ether-extractable, the major metabolite was not a 

since it had no optical activity and was not hy- 
drolyzed by incubation with 3-glucuronidase. Hydrogen sulfide 
was then bubbled through this fraction, and the lead-free filtrate 
concentrated to a small volume. This was then subjected to 
cellulose column chromatography. Paper chromatography of 
the fractions containing the indole showed the presence of a 
hydroxyindole, RV 0.37 and 0.26, in Solvents A and B, respec- 
tively. Since this did not correspond to the major metabolite, 
Ry 0.26 and 0.55, it indicated that, during the procedure, the 
major metabolite, presumably a conjugate, had been hydrolyzed 
toa free phenol. Confirmation of this and an indication of the 
position of the hydroxyl group were given by the immediate color 
reaction of the phenol and the delayed color reaction of the 
major metabolite when the paper was sprayed with acid-diazotized 
sulfanilic acid. This color reaction indicated that the free 
phenol was N-acetyl-5-methoxy-6-hydroxytryptamine and the 
major metabolite was its sulfate conjugate (12). Further con- 
firmation was obtained by methylation of the phenol in tetra- 
hydrofuran with an ethereal solution of diazomethane. The 
reaction mixture was subjected to paper chromatography. A 
product was observed (R, 0.2 and 0.1 in Solvents A and B, 
respectively) which gave a positive Ehrlich reaction but negative 
Brentamine and acid diazo reactions, indicating methylation of 
the hydroxyl group. Electrophoretic mobility at pH 4.4 and 8 
indicated that, like melatonin, there were no free hydroxyl or 
amine groups. The ultraviolet spectrum of this product was 
identical with that previously reported for a synthetic sample of 
N-acetyl-5 ,6-dimethoxytryptamine (13). 

Minor Metabolite—Paper chromatography of the various 
fractions derived from the lead acetate procedure disclosed the 
presence of a minor metabolite concentrated in one of them. 
The minor metabolite was obtained from this fraction by cel- 
lulose column chromatography. On paper, the minor metabolite 
gave a positive Ehrlich reaction and a delayed positive acid 
diazo reaction, indicating that it was a conjugate of 6-hydroxy- 
melatonin (12). This was confirmed by incubation of a solution 
of the minor metabolite with glucuronidase. Paper chroma- 
tography of the incubation mixture demonstrated its disap- 
pearance (R/ 0.2 in Solvent A) and the appearance of the free 
phenol, which was identified by color reactions and chroma- 
tography in two solvent systems, plus a trace of another indole 
compound (R, 0.8 in Solvent A). Thus, the minor metabolite 
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was characterized as the glucuronide of N-acetyl-5-methoxy-6- 
hydroxytryptamine. 


Characterization of Metabolites of Melatonin-8-C™ in 
Rat Urine 

Rats (200 g) were each given melatonin-8-C™, 10 mg intra- 
peritoneally, and the 24-hour urines were collected. The urines 
were treated with urease and concentrated (3) or treated with 
deactivated charcoal (14). The paper chromatographic pattern 
of these treated urines was qualitatively the same as the un- 
treated urine. Paper chromatography of the treated urines in 
Solvent A and subsequent scanning showed three bands of radio- 
activity: one at Ry 0.1 to 0.25, the second at R, 0.5 to 0.6, and 
the third at Ry 0.7 to 0.9. These three bands were cut from the 
paper, the adsorbed material was eluted, and each was rechro- 
matographed in Solvents A and B. 

The band of low R. in Solvent A showed the presence of one 
radioactive spot, Ry 0.22, which gave a positive Ehrlich reaction 
and a delayed acid diazo reaction. In Solvent B, the presence of 
two compounds was indicated, a minor spot, Ny 0.19, and major 
one, Ry 0.36. Both of these gave positive Ehrlich reactions, but 
only the latter gave a positive delayed acid diazo reaction. It 
was this latter compound which, on incubation with §-glucuron- 
idase, gave the free phenol. The minor component, however, 
also disappeared on incubation with glucuronidase, but gave rise 
to an indolic compound with Ry 0.83 and 0.80 in Solvents A and 
B, respectively. 

The substance in the band of activity of intermediate Ry, on 
rechromatography, gave a single Ehrlich- and a delayed acid 
diazo-positive spot corresponding to the Rů value of 0.55 in 
Solvent A. Chromatography in Solvent B again gave the ap- 
pearance of a single Ehrlich-positive spot, Ry 0.35. Continuous 
electrophoresis was employed to obtain a few milligrams of a 
chromatographically pure sample of this metabolite. It was 
an amber-colored amorphous powder, containing some micro- 
scopic crystals (m. p., 160-165°). Acid hydrolysis, I mg in 1 ml 
of 1 HCl for 30 minutes at 80°, was used for determination of 
sulfate content (found: SO, 28.72%; C13H1602N2-SO, requires 
SO, 29.2%). These color reactions and sulfate estimations are 
consistent with the characterization of the major metabolite of 
melatonin as being N-acetyl-5-methoxy-6-hydroxytryptamine- 
O-sulfate. 

The extract from the band of activity of high Ry value, on 
chromatography in Solvent A, revealed the presence of a small 
amount of an indole and a larger amount of a compound which 
did not react with Ehrlich's reagent. The indole had the 
chromatographic characteristics of melatonin itself. The major 
spot (RV 0.86 in Solvent A), which gave negative reactions with 
Ehrlich's, acid diazo, and Brentamine reagents, gave a yellowish 
fluorescence under ultraviolet light. In Solvent B, this spot was 
resolved into two Ehrlich- negative spots, R, 0.78 and 0.90, 
respectively (cf. 10-methoxyharmalan, R, 0.76 and 0.87 in 
Solvents A and B, respectively). 

Quantitative Estimation of Metabolites of Melatonin-8-C™“ 
in Rat Urine 

Quantitative estimation of the metabolites of melatonin was 
obtained by scanning radioactive chromatograms. The ethereal 
sulfate of N-acetyl-6-hydroxy-5-methoxytryptamine accounted 
for 55%, the glucuronide conjugate for 30%, and the other minor 
metabolites for 15% of the activity in the urine. 
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Melatonin-8-C™, 3 mg, was given to each of three rats and the 
24-hour urines were collected for isotope dilution estimation of 
5-methoxyindoleacetic acid and 10-methoxyharmalan. 

5-Methoxyindoleacetic acid in the urine was found to account 
for 2% of the administered melatonin. 

10-Methoxyharmalan in the urine was found to account for 
not more than 0.06% of the administered melatonin. As the 
range of the estimation was 0.0 to 0.06%, it is possible that the 
positive results could be due to adsorbed radioactivity which was 
not removed by two recrystallizations. 


In Vitro Studies 


With the use of tryptamine as a substrate for the model 
oxidizing system, the production of 6-hydroxytryptamine was 
identified by chromatography. Under identical conditions, 
however, no evidence was found for the production of N-acetyl- 
5-methoxy-6-hydroxytryptamine from melatonin. 


DISCUSSION 


Metabolism of 5-Methoxytryptamine—Erspamer (15) reported 
the presence of three indolic metabolites in the urine of animals 
given 5-methoxytryptamine, and identified one of these as 5- 
methoxyindoleacetic acid. With the use of radioactive 5- 
methoxytryptamine, we have confirmed that 5-methoxyindole- 
acetic acid is, indeed, the major metabolite accounting for 96.8% 
of the fate of the amine. A trace of unchanged 5-methoxy- 
tryptamine was also observed in the urine. 

The distribution of 5-methoxytryptamine in the tissues was 
not unusual, the only point worthy of mention being the presence 
of a significant amount of activity in the brain one-half hour after 


CHe 
CH,0 CH,0 
— 
NH 
H 
CH, 
Melatonin 10 Methoxyharmoalan 


on, 


Hormoline 


Fic. 4. Cyclodehydration of melatonin yields 10-methoxyhar- 
malan, which is similar to harmaline and harmine. 


Harmine 


HMT 


Serotonin ——  5-methoxytryptamine 


MAO 


5-hydroxyindoleacetic acid 5-methoxyindoleacetic acid 


Fic. 5. 5-Methoxyindoleacetic acid could be produced from 
serotonin by either or both of the two pathways illustrated. Each 
pathway involves the same enzymatic reactions of monoamine 
oxidation (AO) and hydroxy-O-methyl transferase (HMT), but 
in a differenet squence. 


| MAO 
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administration. This may well be related to the fact that ani. 
mals exhibited abnormal behavior, beginning about 20 minutes 
after administration and lasting for 20 minutes. 

Metabolism of Melatonin In contrast to the clear-cut meta- 
bolic fate of 5-methoxytryptamine, the degradation of melatonin 
presents a complex picture. Melatonin was found to be rapidly 
metabolized and excreted, 70% in the urine and 20% in the 
feces, within 24 hours. Biliary excretion accounted for 4% of 
radioactivity eliminated within 1 hour. Only 10% could be 
accounted for in the tissues as soon as 3 hours after administra. 
tion. A trace of unchanged melatonin was excreted in the urine, 
and there was little difference between rats and rabbits as to the 
rate, or mode, of excretion. Further, neither the type of animal 
used, albino or colored, nor the route of administration affected 
the metabolism significantly. 

The major metabolic product of melatonin was identified as the 
ethereal sulfate of N-acetyl-6-hydroxy-5-methoxytryptamine by 
color reactions, sulfate analysis, and by its hydrolysis to the free 
phenol, which was then converted into the previously known 
compound, N-acety]l-5 ,6-dimethoxytryptamine (13). This is in 
agreement with the preliminary report of Kopin et al. (16). 

The strongly positive naphthoresorcinol reaction obtained with 
the major metabolite was shown to be due to a dye formation and 
not to the presence of glucuronic acid, emphasizing the danger of 
relying on color reactions alone to indicate structure. 

With the use of an oxidizing system in vitro, we were unable to 
confirm the previous report that N-acetyl-6-hydroxy-5-methony- 
tryptamine could be produced from melatonin this way (16). 

The metabolite present in the next greatest amount proved to 
be N-acetyl-6-hydroxy -5-methoxytryptamine - 0 - glucuronide. 
It has been reported previously that indole derivatives tend to 
conjugate to a much greater extent with sulfuric than with 
glucuronic acid (17). 

5-Methoxyindoleacetic acid was found to be a metabolite of 
melatonin, but to account for only 2% of the dose, indicating 
that deacetylation plays no significant role. Similarly, de- 
methylation of melatonin does not appear to occur since no N- 
acetylserotonin was found. 

The most intriguing finding was the presence of at least two 
metabolites which did not react with Ehrlich’s reagent. There 
are three possibilities which could account for this, namely, ring 
opening, formation of a 2-oxindole, and cyclization to a harmalan. 
Cyclization has been shown to occur in the body with the drug 
Paludrine, which owes its antimalarial activity to a cyclized 
metabolite (18). The possible conversion of melatonin to 10 
methoxyharmalan by cyclodehydration is of importance since 
such a compound is pharmacologically active. However, 
chromatography and isotope dilution studies failed to produce 
unequivocal evidence for its formation. The similarity of 10 
methoxyharmalan to harmine, a known psychotomimetic con- 
pound (19), can be seen in Fig. 4. 

The production of a 2-oxindole would also account for 8 
negative Ehrlich-reacting compound. Lysergic acid diethyl 
amide is metabolized to 2-oxylysergic acid, which is devoid of 
pharmacological action (20), so the oxidation of melatonin in the 
2-position is a possibility. 

Present Concept of Serotonin Metabolism The isolation of 
melatonin and 5-methoxyindoleacetic acid from pineal glands (1) 
and the demonstration of the enzymatic O-methyl transferase in 
that tissue (2) have illuminated a new facet of the complex pat- 
tern of serotonin metabolism. The biogenesis of melatonin from 
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Fic. 6. The present concept of serotonin and melatonin metabolism. The O-methylation of N-acetylserotonin, serotonin, 
and 5-hydroxyindoleacetic acid is localized in pineal gland tissue. The amines, serotonin and 5-methoxytryptamine, are metabolized 


to the corresponding acids by monoamine oxidase (MAO). 


serotonin has been clearly established (21). The biogenesis of 
5-methoxyindoleacetic acid, however, is not so clear. Yet it is of 
importance since, if the substance arises by the direct O-methyla- 
tion of 5-hydroxyindoleacetic acid, no physiologically active 
intermediate is involved, whereas the alternative possibility 
entails postulation of the presence of the physiologically active 
amine, 5-methoxytryptamine (22). Since the amount of 5- 
methoxyindoleacetic acid in the pineal gland is 10 times greater 
than the amount of melatonin (1), and since we have found that 
only 2% of the latter is converted into the former, if 5-methoxy- 
tryptamine is present, it does not arise to any extent by the 
deacetylation of melatonin. Although the presence of 5 
methoxytryptamine in the pineal gland has not been demon- 
strated, it seems probable that this substance should be formed 
since both the substrate and the enzyme necessary for its bio- 
synthesis are present. 5-Hydroxyindoleacetic acid and 5 
methoxyindoleacetic acid are present in equal amounts (I), and 
the latter can arise from serotonin by either of the two pathways 
illustrated in Fig. 5. Since both of these pathways involve the 
same two enzymatic reactions, although in a different sequence, 
the limiting factor is the ratio of the rates of reaction of mono- 
amine oxidase and hydroxyindole-O-methy]! transferase. If, for 
example, the monoamine oxidase pathway was blocked by an 
inhibitor, the conversion of serotonin to 5-methoxytryptamine 
would be a logical sequel. 

Other factors, suggesting that 5-methoxytryptamine forma- 
tion could occur physiologically and might be of some significance 
in the higher primates, are the high serotonin content, of human 
and simian pineal glands (23), and the greater activity of hy- 
droxyindole-O-methy] transferase in simian pineal glands (24) in 
comparison with bovine pineal tissue. 


The present concept of serotonin metabolism is, therefore, 
probably best represented as in Fig. 6. 

Finally, it may be significant that the highest pineal gland 
serotonin content has been found in psychotic patients (23), and 
that methoxyindolealkylamines are more potent agents for 
causing abnormal behavior in trained animals than are the cor- 
responding hydroxy analogues (22). 


SUMMARY 


1. A study has been made of the metabolic fate of exogenous 
melatonin-8-C™ and 5-methoxytryptamine-8-C™ in rats and 
rabbits. 

2. The activity of various tissues was estimated after ad- 
ministration of compounds. Half an hour after administration 
of 5-methoxytryptamine-8-C™ to a rat, there was a significant 
amount of activity in the brain. 

3. After administration of 5-methoxytryptamine-8-C™ to 
rats, 80% of the activity was excreted in the urine in 24 hours. 
After administration of melatonin-8-C™ to rats, 70% and 20% of 
the activity were excreted in the urine and feces, respectively. 

4. 5-Methoxytryptamine was metabolized, 96% to 5-methoxy- 
indoleacetic acid. 

5. Melatonin was metabolized to N-acetyl-6-hydroxy-5- 
methoxytryptamine, which was excreted as conjugates of sulfuric 
and glucuronic acids. A trace of unchanged melatonin was 
excreted and 2% was metabolized to 5-methoxyindoleacetic acid. 
The presence of two metabolites which did not react with 
Ehrlich’s reagent was established. 
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The reaction of papain with rabbit antibody has been shown 
by Porter (1, 2) to result in the release of three nonprecipitating 
fragments, two of which have the capacity to inhibit the reaction 
of the same untreated antibody with homologous antigen. 
These active fragments have molecular weights of 50,000 and 
53,000 (3). Their combining sites have been found to be es- 
sentially intact (4, 5), and measurements of the maximal hapten- 
binding capacity of the subunits derived from antihapten 
antibody have demonstrated that they are univalent (6, 7, 8). 
The two fragments bearing combining sites are similar to one 
another in amino acid composition and antigenic properties as 
well as molecular weight (1, 2). 

It has been found that similar results can be obtained by the 
combined or successive actions of pepsin and a reducing agent 
(9). The reaction of rabbit antibody with pepsin at pH 4 to 5 
yields a major product with a sedimentation coefficient of ap- 
proximately 5 S and average molecular weight 106,000 (9, 10), 
as compared with 7 & and 160,000 for the original antibody mole- 
cule (11). The capacity to precipitate specifically is largely 
retained (9). Subsequent reduction of a single, highly labile 
disulfide bond splits this molecule into univalent fragments 
which have an average molecular weight of 56,000 and migrate 
as a single peak (~3.5 8) in the ultracentrifuge (12, 10). These 
fragments are similar to Porter’s active fractions in sedimentation 
coefficient, molecular weight, and capacity per unit weight to 
inhibit the homologous precipitin reaction (9, 10). 

In view of these similarities, and since papain is used in con- 
junction with a reducing agent, it was concluded (9) that the two 
enzymes act through a similar, two-stage mechanism in which 
the enzyme removes an inactive fragment, leaving a bivalent 
residue which is readily split into univalent fragments by the 
subsequent action of a reducing agent. The ease of removal of 
this large inactive fragment by either pepsin or papain, and the 
relatively great resistance of the residual protein to further 
proteolytic digestion, indicated that there are one or more regions 
of the molecule which are particularly susceptible to enzymatic 
attack (9). Subsequent to proteolysis the remaining, bivalent 
protein can be split into univalent fragments by the action of the 
reducing agents. 

It was also observed that human gamma globulin is largely 
degraded to 3.5 S subunits by the successive actions of pepsin 
and a reducing agent (9). In addition, Hsiao and Putnam (13, 
14) have reported that 3.5 S fragments can be liberated from the 
gamma globulins of various species by the action of papain. 
These results suggested (9) that various gamma globulins can be 
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degraded to 3.5 S subunits by successive proteolysis and redue- 
tion. 

In a preliminary communication (15) it was reported that, 
after peptic digestion and reduction, the univalent 3.5 S frag- 
ments of specifically purified antibenzoate antibody can be 
recombined in good yield by oxidation to give a product which 
again precipitates specifically with the homologous antigen. 
Since the sedimentation coefficient of the product was ap- 
proximately the same as that of the protein before reduction 
(~5 S), it appeared that the univalent fragments had recombined 
to form bivalent antibody. When a mixture of purified rabbit 
antibodies of two different specificities was used, evidence was 
obtained which indicated the presence of a considerable amount 
of hybrid antibody in the recombined product (16). 

The present report describes, in detail, the breakdown and 
resynthesis of two specifically purified rabbit antibodies, anti- 
ovalbumin and antibovine gamma globulin (anti-BGG).' In 
addition, amino acid analyses have been carried out on a 5 8 
preparation. The results add further support to the hypothesis 
that this material, formed by peptic digestion, consists es- 
sentially of Porter's fractions I and II, derived from a papain 
digest. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Immunization—Rabbits were inoculated intravenously three 
times per week for approximately 6 weeks with 1 ml of a 1% 
solution of the protein antigen in 0.16 Mu sodium chloride, ad- 
justed to pH 7.5. The animals were allowed to rest for 1 
week; 25 to 35 ml of blood was then removed from an ear vein, 
and I ml of the antigen solution was injected. Subsequently, 
bleeding and inoculation were carried out once a week. Antisera 
of high titer obtained from a number of bleedings of several 
rabbits were pooled. 

Purification of A ntibodies— Antibodies were purified specifically 
by a method based upon that of Singer et al. (17). Antigens first 


_were thiolated by treatment with S-acetylmercaptosuccinic 


anhydride at pH 7.5 to 8.0, as described by Klotz and Heiney 
(18). The amount of anhydride used was 100 mg per g of protein 
and the pH was maintained in the desired range during acylation 
by additions of IN NaOH. After dialysis against two 4-liter 
portions of cold 0.1 mM sodium acetate, the pH was raised to 11.5 
for 30 minutes to hydrolyze the acetyl linkages, then lowered to 
pH 6. The protein was dialyzed against cold 0.1 u sodium 
acetate which had been adjusted to pH 6 with acetic acid, then 


The abbreviation used is: BGG, bovine gamma globulin. 
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Fic. 1. Photographs of schlieren patterns taken in a Spinco 
model E ultracentrifuge. Samples in 0.1 u sodium acetate, pH 7, 
except C (pH 5) and D (0.24 u). Sedimentation from left to right: 
Column on left, 48 minutes at 59,780 r.p.m., column on right, 80 
minutes. A, specifically purified antiovalbumin, B, above treated 
with pepsin and precipitated with sodium sulfate, C, above re- 
duced with 0.01 u mereaptoethylamine. D. above, passed through 
ion exchange column and exposed to oxygen. E, reoxidized pro- 
tein, fractionated with sodium sulfate. The numerals are Se 
values. 


precipitated at pH 2.4, in the presence of 0.1 M sulfate ion, by the 
addition of a solution of 3 ,6-bis-(acetoxymercurimethy])-dioxane 
(25 to 50 mg per g of protein). The precipitated antigen was 
washed several times and used as an insoluble adsorbent for 
antibody. Adsorptions were carried out with 1 g portions of 
antigen and 10 to 20 ml of antiserum. Later, and for most of the 
preparations described here, a globulin fraction, corresponding 
to 10 to 20 ml of the antiserum, was used in place of whole 
antiserum. The globulin was prepared by precipitation with 
sodium sulfate at a final concentration of 18 g/100 ml. 

After allowing the mixture of antibody and insoluble antigen 
to stand in the cold for several days, it was centrifuged, washed, 
suspended in saline, and cooled in an ice bath. To elute anti- 
body, the pH of the suspension was lowered to 2.4 with 1 N 
H.SO,. After 30 to 60 minutes the suspension was centrifuged 
and the supernatant liquid was neutralized and allowed to stand 
for at least a week. During this time a small amount of precipi- 
tate settled out, suggesting that some antigen had also been 
eluted. In view of the slight solubility of antigens in the presence 
of an excess of rabbit antibody, the contamination by antigen 
was expected to be small. The small amount of faster moving 
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material in the sedimentation patterns of the purified «::tibodies 
(Figs. 1A and 3A) is probably due to the presence of a small 
quantity of soluble complexes containing an excess of antibody 
(19, 20). The same antigen preparations were used repeatedly, 
in one instance 15 times. 

Several batches of purified antibody were pooled und con- 
centrated by precipitating with sodium sulfate at a final con- 
centration of 18 g/100 ml, redissolving in a small amount of 
distilled water, and dialyzing against cold 0.1 M sodium acetate. 
Ninety-four per cent of the purified antiovalbumin, and 71% of 
the anti-BGG was precipitated by an optimal concentration of 
homologous antigen. 

Other Materials—Pepsin was obtained as a twice crystallized 
powder from the Worthington Company. Mercaptocthylamine 
hydrochloride and S-acetylmercaptosuccinic anhydride were 
obtained from the California Corporation for Biochemical 
Research. 

Protein Concentrations—In general, protein concentrations 
were estimated by diluting in saline-borate buffer, ionic strength 
0.16, pH 8, and measuring the light absorption at 280 ma. In 
many cases a small amount of acetate ion was also present; this 
was found to have a negligible effect on the absorbancy. For 
purified 5 S or 3.5 8 protein, the extinction coefficient was 
determined by comparison with the results of Kjeldahl analyses, 
assuming a nitrogen content of 16%, and was found to be 1.48 
optical density units per milligram protein per milliliter. The 
value obtained for gamma globulin is 1.50. Smith t al. (21) 
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Fig. 2. Precipitin curves for pepsin treated antiovalbumin and 
the product obtained after reoxidation and fractionation of the 
reduced material. Details are in the text. Dilutions of the anti- 
body and antigen preparations were made with saline-borate 
buffer, pH 8, ionic strength 0.16. In each test 300 wg of antibody 
protein was used. 
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give a value of 16.0% for the nitrogen content of whole gamma 
lin. 

Precipitin Tests—For use in precipitin tests, antigen and anti- 
body preparations were diluted with saline-borate buffer, pH 8. 
Some acetate ion was present in many of the mixtures. The 
ionic strength was 0.15 to 0.16. Precipitating mixtures were 
refrigerated for 7 days, then centrifuged and washed 4 times with 
1 to 2 ml portions of the 0.16 u NaCl. The precipitates were 
dissolved in 1 ml of 0.02 & NaOH, transferred within a short 
time to quartz microcells and read in the Beckman model DU 
spectrophotometer at 280 my. For precipitates containing 
BGG and its homologous antibody the extinction coefficient was 
taken as that of the antibody. The error introduced by this 
assumption was necessarily small because the precipitate con- 
sists largely of antibody, and the extinction coefficient of BGG 
differs from that of rabbit antibody by less than 15°. For 
precipitates containing ovalbumin, the extinction coefficient was 
estimated to be approximately 3°; lower.? 

Preparation of 5 S Protein for Amino Acid Analysis—Normal 
rabbit gamma globulin was prepared by three precipitations of 
serum with sodium sulfate (22) at final concentrations of 18, 14, 
and 12.5%. Two grams of this material were treated with 20 
mg of crystallized pepsin in 76 ml of 0.1 M sodium acetate buffer, 
pH 4.5. After incubating for 20 hours at 37° a small amount of 
precipitate was removed by centrifugation, the pH was raised to 
§ with 1 N NaOH and sodium sulfate (25 g/100 ml) was added 
dropwise at room temperature, with stirring, to a final concentra- 
tion of 18 ¢/100 ml. The heavy precipitate that formed was 
separated by centrifugation, dissolved in water, and dialyzed 
against two 4-liter portions of cold 0.1 M sodium acetate. The 
yield was 870 mg in a final volume of 24 ml. In the ultracen- 
trifuge at pH 7 the protein migrated as a single symmetrical peak 
with 89, % = 4.8 8. 

Amino Acid Analysis—Amino acid analysis on the purified 5S 
protein was carried out with a Spinco automatic analyzer ac- 
cording to the procedure of Spackman, Stein, and Moore (23). 
Samples were hydrolyzed for 22 or 30 hours at 110° in a sealed 
evacuated tube with 0.7 ml of constant boiling hydrochloric acid 
per milligram of protein. The amount of protein in the sample 
was estimated by Kjeldahl analysis carried out in quadruplicate 
with a mean deviation of 0.90% The nitrogen content was 
taken as that of whole rabbit gamma globulin, 16.0% (21). 
This value was also used by Porter (2) in his amino acid analyses 
of fractions obtained from a papain digest, and a major purpose 
of the present experiment was to compare the amino acid com- 
position of 5 S protein with that of the papain fractions. 

Ultracentrifugal Analyses—Sedimentation velocities were 
measured in a 4°, 12-mm cell in the Spinco model E ultracen- 
trifuge at 59,780 r.p.m. The temperature was maintained at 
20 + 0.2°. For correction of s values to 8%, „ the partial 
specific volume was taken as that of untreated antibody, 0.745 
(1). Viscosities were determined with an Ostwald type 
viscometer. 

To estimate relative amounts of sedimenting components, 


*The amount of antigen in precipitates near equivalence was 
estimated from the ratio of weight of precipitate formed to anti- 
gen used in the presence of a large excess of antibody. The 
antigen to antibody ratio would be expected to be somewhat 

in the region of antigen excess. For BGG-anti-BGG the 
fraction of antigen was 10 to 17%; for ovalbumin-antiovalbumin, 
7toll%. The antigen-antibody ratios were greater for 5 S than 
for 7 S antibody. 
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Fic. 3. Photographs of schlieren patterns taken in a Spinco 
model H ultracentrifuge. Samples in 0.1 u sodium acetate, pH 
7, except ( (pH 5) and D (0.24 u). Sedimentation from left to 
right: Column on left, 48 minutes at 59,780 r.p.m., column on 
right, 80 minutes. A, specifically purified anti-BGG. H., above 
treated with pepsin and precipitated with sodium sulfate. , 
above reduced with 0.01 u mercaptoethylamine. D. above, passed 
through ion exchange column and exposed to oxygen. E, re- 
oxidized protein, fractionated with sodium sulfate. The numerals 
are Values. 


areas were measured with a planimeter on photographie en- 
largements. The only situations of interest in the present work 
in which appreciable concentrations of more than one component 
were present occurred on partial reoxidation of univalent frag- 
ments. Because no correction was made for the Johnston- 
Ogston effect (24), the degree of reoxidation was actually some- 
what greater than that estimated from the areas. 


RESULTS 


Breakdown and Resynthesis of Purified Antiovalbumin— 
Rabbit antiovalbumin was degraded to ~3.5 8 univalent frag- 
ments and recombined to give 5 & precipitating antibody in two 
separate procedures. One of these will be described in detail, 
the other briefly. Two hundred milligrams of specifically 
purified antiovalbumin was treated with 4 mg of pepsin for 5 
hours at 37° in 15 ml 0.1 M sodium acetate buffer, pH 4.5. The 
pH was raised to 8 with 1 N NaOH and a solution of sodium 
sulfate (25 g/100 ml) was added slowly with stirring at room 
temperature to give a final concentration of 18 g/100 ml. A 
precipitate formed, which was separated by centrifugation, 
washed once with 18% sodium sulfate, dissolved in a minimal 
quantity of water and dialyzed against 4 liters of cold 0.1 u 
sodium acetate; 107 mg of protein was recovered. The sedimen- 
tation pattern at pH 7 and the precipitin curve obtained with 
this material are shown in Fig. 1, curre B, and Fig. 2, upper 
curve. The protein exhibited a single symmetrical peak with 
8», „ = 4.8 8 as compared with 6.5 for the original purified 
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antibody. With an optimal concentration of antigen (Fig. 2), 
82°, of the antibody protein precipitated.? 

Forty milligrams of this preparation, which will be referred to 
as 5S protein, were treated with 0.01 u mercaptoethylamine hy- 
drochloride at pH 5.0 and 37° for 75 minutes. These conditions 
were found to be approximately minimal for complete breakdown 
into univalent fragments. The mixture was cooled to room tem- 
perature, and a portion was immediately examined in the ultra- 
centrifuge. As indicated by the schlieren pattern in Fig. 1, C, 
there was essentially complete breakdown to 89, „ = 3.5 8. 
The sample was tested at pH 5 to avoid question as to the effect 
of increasing the pH on the state of oxidation. However, other 
samples obtained by this procedure have been tested at pH 5 
and pH 7 and the difference in sedimentation coefficient was 
found to be less than 0.2 unit. 

The sample used in the ultracentrifuge was dialyzed against 4 
liters of cold saline-borate buffer, pH 8, ionic strength 0.16. 
One milligram of the dialyzed protein was tested for its effect on 
the precipitation of 0.3 mg of specifically purified antiovalbumin 
with an optimal concentration of antigen. The total volume was 
0.6 ml. No precipitate formed during 7 days in the refrigerator. 
This result is consistent with the previously demonstrated univa- 
lence of 3.5 S fragments formed by this procedure (9). One milli- 
gram of this material had no apparent effect on the reaction of 300 
ug of rabbit anti-BGG with an optimal concentration of BGG. 
Amounts of precipitate were not determined quantitatively in 
this instance, but no significant effects have been observed in 
heterologous systems in numerous similar experiments (9). 

To the remaining 32 mg of reduced sample IN acetic acid was 
added to lower the pH to 4.5. The solution was then passed 
through a 7- X 175-mm column of IR-120 cation exchange resin 
in the sodium cycle to remove the positively charged mercapto- 
ethylammonium compound. The protein solution was washed 
through the column with 0.1 m acetate buffer, pH 4.5. & nitro- 
prusside test on a control sample passed through a similar column 
indicated that removal of mercaptoethylamine is essentially 
complete under these conditions. The recovery of protein was 
26 mg in 3.7 ml. The pH was raised to 8 by the addition of IN 
NaOH and a stream of oxygen was passed over the surface for 2 
hours while the solution was stirred in a beaker. There was some 
evaporation; the original volume was maintained by additions 
of distilled water. The solution was then allowed to stand over- 
night at room temperature. The pH was reduced to 7 by the 
addition of a small quantity of 1 M acetic acid, and the solution 
was examined in the ultracentrifuge. The concentration of 
sodium acetate at this point was calculated to be 0.24 M with an 
uncertainty of less than 20°. This corresponds to a maximal 
error in 82, „ of about 0.1 unit. 

The schlieren pattern (Fig. 1 D) indicated that approximately 
60% of the protein had been reoxidized to 4.88. The velocity of 
the slower peak could not be accurately measured, but the 
distance moved in 80 minutes was comparable to that of the 
reduced protein, if allowance is made for the higher salt con- 
centration. 

To separate the faster moving material it was precipitated at 
room temperature with sodium sulfate at a final concentration 
of 16 g/100 ml, centrifuged, washed once with sodium sulfate 
(16 g/100 ml), dissolved in water, dialyzed against cold 0.1 u 
sodium acetate and adjusted to pH 7 with acetic acid; 8.9 mg was 
recovered in a volume of 1.6 ml. In the ultracentrifuge the pro- 
tein now migrated essentially as a single peak (Fig. 1, ), al- 


Recombination of Univalent Subunits of Antibody 


Vol. 236. No. 2 


though slight amounts of faster and slower compon-uts abe 
appeared to be present. This material formed precipitates with 
suitable concentrations of ovalbumin (Fig. 2). At the © )timum, 
259 ug of precipitate formed, which was estimated to coitain 23) 
ug of antibody, or 77 %% of the 300 yg used in each test. The 
amount of antibody in the precipitate at the optimum was 
estimated as described in footnote 2. 

Results obtained in another, similar experiment were & 
sentially the same as those described above. In this case, 143 
mg of the specifically purified antiovalbumin was used and 66 
mg of 5 S protein was recovered, of which 85% was specifically 
precipitable: 52 mg was broken down to ~3.5 8 univalen 
fragments, passed through an IR-120 column, reonidized, and 
fractionated with sodium sulfate. Fourteen milligrams of 58 
protein were recovered ; 71% was specifically precipitable by oval. 
bumin. No precipitate formed when tested with a wide range 
of concentrations of the heterologous antigen, bovine gamma 
globulin. 

The stability of this reconstituted antiovalbumin was jp. 
vestigated by allowing it to stand for approximately a month ip 
the refrigerator, and also by heating this “aged” material gt 
60° for 30 minutes. Each preparation was tested by measuring 
the amount of precipitate formed when duplicate 300-ug portions 
were mixed with 25 or 400 ug of ovalbumin in a total volume of 
0.4 ml. With the higher concentration of antigen no precipitate 
formed in either case. With 25 yg of antigen the average 
amounts of precipitate formed by the aged preparations, un- 
heated and heated, were 213 and 219 ug respectively. The 
amount of precipitate formed by the reaction of the same amount 
of the unaged reconstituted antibody with 25 ug of ovalbumin 
was 211 wg. This amount of ovalbumin was slightly greater 
than the optimum for the unheated, reconstituted antibody, 

Breakdown and Resynthesis of Anti-BGG—The procedure used 
for the proteolysis, reduction and reoxidation of purified anti 
BGG was essentially the same as that used with antiovalbumin. 
The schlieren patterns and precipitin curves are shown in Figs. 3 
and 4. In the initial hydrolysis, 110 mg of the anti-BGG and 
2.2 mg of pepsin were used. After fractionation with sodium 
sulfate, 56 mg of protein was recovered, with 80, „ = 518 
(Fig. 3, B); 54% was specifically precipitable (Fig. 4). This 
material was treated with 0.01 u mercaptoethylamine hydro- 
chloride, passed through a column of IR-120 resin, and reoxidised 
under the same conditions as were used with the antiovalbumia 
After reduction with mercaptoethylamine, a single peak was 
observed with 89, „ = 3.6 8 (Fig. 3, C). Part of this solution 
was dialyzed against cold saline-borate buffer, pH 8, ioni 
strength 0.16, and 1 mg was tested for it capacity to block the 
precipitin reaction of 0.3 mg of the untreated, purified anti- BC 
with an optimal concentration of antigen; no precipitate formed 
during 7 days in the refrigerator. The reduced protein also failed 
to form precipitates when tested with a wide range of com 
centrations of BGG. 

This material had no significant effect on a heterologow 
precipitin reaction; the amount of precipitate formed by the 
reaction of 300 ug of purified antiovalbumin with an optimal com 
centration of ovalbumin was the same, within 4%, in the presence 
or absence of 1 mg of the 3.6 8 fragments of anti-BGG. 

Upon reoxidation approximately 55% of the protein 
combined (Fig. 3, D) to give a product with 80, = 488 
After precipitation with sodium sulfate (final concentrations, 
16 g/100 ml) and dialysis, a slight amount of the slower com- 
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Fic. 4. Precipitin curves for pepsin treated anti-BGG and the 
product obtained after reoxidation and fractionation of the re- 
duced material. Details are in the text. Dilutions of the anti- 
body and antigen preparations were made with saline-borate 
buffer, pH 8, ionic strength 0.16. In each test 300 ug of anti- 
body protein was used. 


ponent still remained (Fig. 3, F). However, the protein had 
again acquired the capacity to form specific precipitates (Fig. 4, 
lower curve). With an optimal concentration of antigen, 43% 
of the antibody protein was precipitated. In each test of this 
series, 300 ug of antibody protein was present in a total volume 
of 0.40 ml. 

Reduction of Reconstituted 5 S Protein—A sample of normal 
rabbit gamma globulin (8, „ = 6.8 8) was treated with pepsin, 
reduced, and reoxidized by the procedure described above. 
Precipitations with sodium sulfate were carried out after peptic 
digestion and after reoxidation. The 820, „ values after treat- 
ment with pepsin, reduction, and reoxidation were 5.1, 3.7, and 
5.0 S respectively. The reoxidized material was treated with 
0.01 u mercaptoethylamine at pH 5 and 37° for 75 minutes. 
Complete breakdown to 8», ~ = 3.7 S occurred. 

Amino Acid Composition of the Major Component of a Peptic 
Digest of Normal Rabbit Gamma Globulin—The preparation of the 
major component of a peptic digest of normal gamma globulin 
was described under “Materials and Methods.” Results of 
amino acid analyses of samples hydrolyzed for 22 hours or 30 
hours are given in Table I. Aliquots containing 1.98 mg of pro- 
tein were analyzed. The results are given as moles of amino acid 
per 53,000 g. The latter is approximately equal to the molecular 
weight of fractions I or II of a papain digest (3), or to that of the 
5 8 fragments obtained by reduction of the 5 S protein from a 
peptic digest (10). 

In Table I the data are compared with those of Porter (2) for 
the three fractions of a papain digest. It is evident that the 
composition of the 5 S material resembles quite closely that of 
fractions I and II, but differs markedly from fraction III with 
respect to several amino acids. The latter include the three 
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Taste | 
Comparison of amino acid composition of S protein formed by 
- peptic digestion of rabbit gamma globulin with that of 


fragments produced by papain 

‘Fraction I* Fraction Fraction 
| | | 

moles of amino acid/ 53,000 ¢ 

Lysine 19.4 17.9 18.2 2.7 30.1 
Histidine 3.4 3.2 
Arxinine 10.8 10.4 | 90 | 94 24.1 
Aspartic 34.0 3.0 34.3 364 374 
Threonine 60.2 589.2 63.1 70.0 | 34.0 
Serine 0.8 0.6 53.1 | 58.0 44-5 
Glutamic 35.7 35.14 36.3 37.5 47.5 
Proline 4.8 840 308 98 40.5 
Glycine 42.3 415 458 420 19.3 
Alanine 31.1 | | 0.2 | | 
} Cystine 4.5 | 13.9 | 170 | 13.3 | 7.2 
Valine 2.8 42.000 45.9 35.1 
Methionine 3.5 3.1 3.9 45 9.0 
Isoleucine 12.9 125 13.3 13.7 20.8 
Leucine 2.3 | 0.2 | 31.3 | 32.7 | 31.8 
Tyrosine 06 20.4 20 21.7 14.1 
Phenylalanine | 13.4 13. 15.3 16.1 106.7 


* Data of R. R. Porter (2). 


basic aminoacids, threonine, glycine, alanine, cystine, methionine, 
isoleucine and tyrosine. 

A more quantitative comparison may be made by comparing 
the mean values for the 22-hour and 30-hour hydrolysates of 5S 
protein with the mean values of fractions I and II, or with those of 
III. Fractions I and II are considered together because they 
were not considered to be significantly different (2). To nor- 
malize for differences in nitrogen analyses, or differences in loss of 
materials, the results for the 5 S protein can be multiplied by the 
factor, 1.06. This correction factor gives a total number of 
moles of amino acid per 53,000 g which is identical with the total 
of the averages for I and II. Similarly, the factor for com- 
parison with fraction III is 0.96. 

Then, comparing the 5 S protein with the average of fractions I 
and II, we find that the mean of the differences, for the 17 amino 
acids, is 1.3 moles of amino acid per 53,000 g. This is 4.8% of 
the mean value of 27 moles/53,000 g. The mean of the dif- 
ferences between the 5 8 protein and fraction III is 8.9 moles per 
53,000 g or 33%. 


It is evident that univalent fragments of rabbit antiovalbumin 
or anti-BGG, formed by successive treatments with pepsin and 
0.01 u mercaptoethylamine, can be reoxidized to form antibody 
that is again capable of specific precipitation. The fact that the 
sedimentation coefficient (~5 8) is nearly identical to that 
before reduction strongly suggests that the recombined protein 
is bivalent. In numerous experiments that have now been 
carried out, the only components observed in significant quantity 
after reoxidation have had sedimentation coefficients of ap- 
proximately 3.5 or 5 S. There evidently is little or no poly- 
merization to larger units under these conditions. Experiments 


— 
No. 12 
uts also 
tes with 
‘timum, 
tain 23} 
t. The 
im Was 
Cre & 
ase, 145 
and 65 
‘cifically 
nivalent 
d. and 
of 58 
by oval. 
le range 
gamma 
was ip. 
r0nth in 
erial at 
usurimg 
portions 
lume of 5—-dwä 
eipitate 
ns, un- 
v. The — 
amount 
albumin 
greater 
body. 
re used 
d anti- 
Ibumin. 
Figs. 3 
1G and 
sodium 
5.18 
). This 
hydro- 
ilbumia. 
was 
solution 
8, ionke 
lock the 
ti-BGG 
— DISCUSSION 
so failed 
of con- 
rologous 
by the 
Alcon. 
presence 
tein fe 
488 
tration, 
rer com- 
| 


3226 


are in progress to determine whether or not further polymeriza- 
tion occurs when additional sulfhydryl groups are liberated. 

Since no appreciable loss of precipitating activity was noted 
on standing in the refrigerator for a month, or on heating at 60° 
for 30 minutes, it appears that the reconstituted protein is physi- 
cally quite stable. However, it is readily split into ~3.5 8 
fragments once again by the action of mercaptoethylamine. 

The results of amino acid analysis of a 58 preparation (Table I) 
add further support to the hypothesis (9) that the major compo- 
nent of a peptic digest consists essentially of Porter’s fractions I 
and II (of a papain digest (1)), which are separated upon reduc- 
tion of the disulfide bond; and that papain or pepsin act similarly 
by splitting an inactive fragment from the molecule. Subse- 
quent to the action of the enzyme, the molecule can be broken 
down into univalent fragments by the reduction of a disulfide 
bond. It is not known whether or not the univalent fragments 
are also linked in the original molecule by covalent bonds which 
are attacked by the enzyme, or possibly also by secondary bonds. 
However, it has been observed (15) that reversal of this proce- 
dure, i.e., reduction followed by proteolysis, vields similar results 
if the liberated SH groups are prevented from reoxidizing before 
proteolysis. 

The disulfide bond invol¥ed is exceptionally labile (12) and 
easily reoxidized. Considerable amounts of recombination have 
been observed merely on passage through an IR-120 ion ex- 
change column at room temperature (10). The possibility is 
suggested that the formation of this bond may represent part of a 
cellular process in which univalent subunits are linked to form 
bivalent antibody. 

Studies by Edelman (25), Franek (26), Phelps et al. (27), and 
Ramel et al. (28) indicate that rabbit gamma globulin, as well as 
the gamma globulins of various other species, consists of more 
than one polypeptide chain. How these chains are combined in 
rabbit antibody to form three major subunits is at present not 
known. Elucidation of this question would add considerably to 
the understanding of the structure of the antibody molecule. 


SUMMARY 


Univalent 3.5 8 fragments of rabbit antibody have been re- 
combined in good yield by oxidation to give 58 protein that again 
has the capacity to form specific precipitates. The fragments 
were prepared by successive treatments of specifically purified 
antiovalbumin or antibovine gamma globulin with pepsin and 
0.01 u mercaptoethylamine at 37°. The sedimentation co- 
efficient after reoxidation was almost identical to that observed 
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before reduction, suggesting that the reconstituted antibody jg 


bivalent. 


Upon reduction of the recombined material, break. 


down to ~3.5 & occurs once again. The amino acid composition 
of the 5S protein formed by peptic digestion is consistent with 
previous evidence indicating that this fragment consists es. 
sentially of Porter's fractions I and II. 
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Lohmann and Meyerhof first differentiated, in rabbit muscle 
extracts, the action of enolase from that of phosphoglyceromutase 
and pyruvic acid kinase (1). Since that time enolase has been 
erystallized from yeast by Warburg and Christian (2) and ex- 
tensively investigated, but the enzyme bearing the same function 
in muscle tissue has received comparatively little study. A 
preparation of crystalline muscle enolase by ammonium sulfate 
fractionation has been reported by Fedorchenko (3), and refer- 
ence has also been made to Biicher’s unpublished method (4, 5). 
This paper describes a method for the isolation and crystalliza- 
tion of enolase from rabbit muscle extracts. The molecular 
weight has been estimated from sedimentation and diffusion 
measurements, and some chemical and biochemical properties 
of the muscle enzyme have been determined and compared to 
those of yeast enolase. 


EXPERIMENTAL PROCEDURE 


Enzymatic activity was determined by the spectrophotometric 
method introduced by Warburg and Christian (2). The assay 
medium contained 10 m p-glyceric acid 2-phosphate, 107? m 
MgSO,, 0.4 u KCl, and 5 Xx 10 M imidazole buffer. The pH 
was adjusted to 6.7 with HCI. The substrate was synthesized 
according to the procedure of Ballou and Fischer (6). Aliquots 
(3 ml) were used in cuvettes of lem light path. The tempera- 
ture was controlled at 25° and the reaction initiated by the 
addition of 10 wl of enzyme solution. The amount of enzyme 
that would produce an optical density change of 0.1 per minute 
at 240 my under the conditions described was defined as one 
activity unit. ‘The data for enolpyravic acid phosphate absorp- 
tion in imidazole buffer (7) indicate that 1 unit of enzyme con- 
verts 0.226 umole of substrate to product per minute under the 
conditions of assay. Protein concentration was estimated by 
the method of Lowry et al. (8). 

Glycerie acid phosphate mutase was assayed in a medium 
identical to that used for enolase assays and with glycerie acid 
3-phosphate as substrate. Pyruvic acid kinase was assayed in 
the same MgSO,-imidazole buffer with glyceric acid 2-phosphate 
as substrate and with adenosine diphosphate, diphosphopyridine 


*Taken from a dissertation by Allen Holt submitted to the 
Graduate College of the University of Illinois in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy. This 
work was supported by a United States Public Health Service 
research grant (RG-5573). 

t Charles Pfizer and Company Fellow and National Science 
Foundation Predoctoral Fellow. Present address, The Rocke- 
feller Institute, New York 21, New York. 


nucleotide, and lactic dehydrogenase added in the normal fash- 
ion. Distilled water was used throughout the purification and 
all chemicals were reagent grade. 

The amino acid analyses were performed in the Beckman/ 
Spinco amino acid analyzer according to the method developed 
by Moore et al. (9). Twice recrystallized muscle enolase was 
dialyzed exhaustively against distilled water, lyophilized, and 
dried at 56° over P,O;. Samples (5 mg) were hydrolyzed with 
1 ml of three times redistilled constant boiling HCl in sealed, 
evacuated tubes at 110° for 20 and 70 hours. The average 
deviation in duplicate and triplicate experiments was less than 


2% for most of the amino acids. Tryptophan was determined 


by the method of Spies and Chambers (10). 

The kinetic experiments were carried out under conditions 
described previously (11). 

Physical Methods—Imidazole (0.194 m)-MgCl, (0.001 M) buffer, 
ionic strength 0.1, pH 7.07, was chosen for the physical studies 
with muscle enolase and the enzyme was dialyzed against the 
buffer for 24 hours before use. 

Sedimentation velocity and approach to equilibrium studies 
were made with the Spinco model E ultracentrifuge. The rotor 
was precooled to 0°, and the temperature was controlled during 
sedimentation at 1° for the series of experiments in which the 
concentration dependence of the sedimentation coefficient of 
muscle enolase was examined. 

The Archibald approach to equilibrium measurements (12) was 
performed with a 12-mm, 4° center synthetic boundary cell and 
the data evaluated by the method of Ehrenberg (13). The 
ultracentrifuge was operated at 12,590 r.p.m. and 25°. 

The Spinco model H electrophoresis-diffusion instrument was 
used for studies of electrophoretic mobility and free diffusion at 
1.00°. | 

Rayleigh fringe patterns were photographed during the course 
of diffusion and examined with the Gaertner microcomparator. 
Values of Dapparent Were Obtained from the average of at least 10 
pairs of fringes. Dypparent WAS then plotted as a function of the 
reciprocal of time and extrapolated to infinite time to obtain D 
(14). The zero time correction may be estimated from the slope 
of this curve (Dat) and was found to be of the order of 3 minutes 
for the protein studied. Preliminary experiments with sucrose 
and bovine serum albumin to evaluate the method gave B.- 
2.43 X 10~* cm? per second for 1% sucrose and Dy,, = 3.33 x 
107 em per second for 0.48% bovine serum albumin in phos- 
phate buffer, PH 6.4, ionic strength 0.1. 
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RESULTS AND DISCUSSION 


Purification of Muscle Enolase 


1. Extraction—The rabbits were killed, bled by opening the 
carotid artery, skinned, and the skeletal muscle immediately 
removed and placed on ice. All further operations were done 
at 4° except where otherwise indicated. The muscle was ground 
twice in a meat grinder and homogenized for 30 seconds with 2 
parts (by weight) of cold 0.05% Versene (the disodium salt of 
ethylenediaminetetraacetic acid) solution in a Waring Blendor. 
The homogenate was stirred for 1 hour and centrifugeckat 8000 x 
g for 15 minutes. The supernatant liquid was decanted and 
filtered through glass wool. 

2. Acetone Fractionation—The muscle extract was fractionated 
with acetone (precooled to —10°) keeping the acetone solutions 
at —5°. Most of the enolase present in the muscle extract was 
found to precipitate in the range of 35 to 50% acetone (concen- 
trations estimated assuming the volumes to be additive). The 
precipitate obtained on increasing the concentration of acetone 
from 35 to 50% was suspended in cold imidazole buffer (0.05 u, 
pH 7.8) and diluted with buffer and concentrated MgSO, solu- 
tion to obtain a final solution of 2% protein and 5 % MgSO, in 
imidazole buffer. 

3. Heat Fractionation—Muscle enolase is stable for 5 minutes 
at 55° in the presence of magnesium salts, and this heat treatment 
denatures other muscle proteins. The protein-MgSO, solution 


was first incubated at 37° for several hours, and the temperature 


was then rapidly raised to 55°, by immersion and swirling in a 
water bath at about 70°. After 5 minutes at 55°, the solution 
was cooled and centrifuged (20 minutes, 10,000 x g), and the 
supernatant liquid was filtered through glass wool. 

4. Ammonium Sulfate Fractionation—Saturated ammonium 
sulfate was prepared at 25° and dilutions from this stock solu- 
tion used routinely, All concentrations are calculated as the 
percentage saturated at 25°. After Step 3, the solution contain- 
ing protein and magnesium sulfate was brought to 40% satura- 
tion with ammonium sulfate by addition of the solid salt. After 
centrifugation as before, the supernatant solution was brought 


TABLE | 
Summary of purification procedure for muscle enolase 
Isolation represents extraction of 400 g of rabbit skeletal muscle 
with 800 ml of 0.05% Versene solution. Assays of activity and 
protein as described in text. The percentage of recovery is based 
on the total activity relative to that of the aqueous muscle ex- 


tract, 


Fractionation step Protein — — 2 
| % 
o 400,000 | 48.3 8.3 100 
Acetone precipitate, 35-500). 317,000 | 10.9 29.1 79 
Heat supernatant solution 316,000 | 5.26 60.0 79 
(NH.) 80. saturation precipi- 
„ „ „ „ 285,000 4.05 70.5 71 
(XH) S0. saturation precipi- 
tate, 60-70%.................. 139,000 | 0.748 | 186.0 35 
First crystallization............ 75,400 | 0.224 337.0 19 
First reerystallizatiotn 34,800 0.094 | 375.0 9 
Second recrystallization......... 24,700 | 0.067 | 375.0 6 
Third recrystallization.......... 14,200 | 0.038 375.0 4 


Muscle Enolase 


to 80° saturation with ammonium sulfate and the protein pre. 
cipitating in this range was dissolved in a minimal amount of 
imidazole buffer. The second ammonium sulfate fractionation 
was done by addition of a saturated ammonium sulfate solution, 
adjusted to pH 8 with NH,OH, and the protein precipitating 
in the range of 60 to 70% salt saturation was collected by cep. 
trifugation. The yield in this step may be increased considerably 
by broadening the fractionation cut, but repeated experiments 
indicated that crystallization is facilitated by using the proteins 
precipitating in this narrow range. Additional crops of the ep. 
zyme may be obtained by repeating the process on the side 
fractions. 

5. Crystallization—To obtain crystals, the protein precipitate 
obtained at 70% salt saturation was dissolved in a minimal 
amount of imidazole buffer and diluted with a solution saturated 
with both ammonium sulfate and magnesium sulfate (pH ad- 
justed to 7.8 with ammonium hydroxide) to about 2 g of pro- 
tein per 100 ml and 60% saturation with ammonium sulfate. 
This solution was centrifuged, and the clear supernatant solv. 
tion was allowed to stand in an open vessel at 4°. After 24 
hours, the crystals (fine needles) were collected by centrifugation 
and washed several times with saturated ammonium sulfate, 
The enzyme could readily be recrystallized by a repetition of 
the crystallization step. 

The isolation procedure is summarized in Table I. The yield 
given for each step is that obtained in the major fraction only, 
The over-all yield can be improved considerably by retreatment 
of the various side fractions. In one preparation, by such care. 
ful handling, 1 g of recrystallized enzyme was obtained from 
1200 g of muscle. 

The enzyme retains activity for several months when stored 
in suspension in 70% saturated ammonium sulfate solution at 
pH 7.8 and 4°. In dilute solutions or in the absence of salt, 
activity is rapidly lost. Magnesium appears to be the most 
effective stabilizing cation, and prolonged dialysis against MgC), 
(10-? m)-imidazole buffer (pH 7.0, ionic strength 0.1) does not 
cause any significant loss in activity. The absorbancy at 280 mp 
of the recrystallized enzyme was found to be 0.9 for a 1 mg per 
ml of solution. The ratio of the absorbancy at 280 my to that 
at 260 my is 1.73. The crystalline enzyme contains no detect- 


able glycerie acid phosphate mutase or pyruvic acid kinase. 
Chemical and Biochemical Measurements 

Preliminary studies of the amino acid content (Table II) and 
kinetic constants (Table III) indicate that the muscle enzyme 
resembles the protein with the same catalytic function isolated 
from yeast (11, 15-17) and is quite unlike the potato enzyme 
(4). 

Perhaps the most significant difference in the amino acid com- 
position of the three enzymes is in their content of cystine (or 
cysteine). Yeast enolase contains neither of these amino acids 
(17). Our analysis of the muscle enzyme shows the presence of 
six half-cystine residues, but as the enzymatic activity is not 
affected by either reducing agents or p-mercuribenzoate, these 
residues are probably not involved either directly or structurally 
in the active site of the enzyme. This is in contrast to potato 
enolase which has a high content of cysteine and is inhibited by 
a variety of sulfhydry! reagents (4). 

Zn, Cod, Ni, and Mn“ were found to be 32, 10, 4, and 
8%, respectively, as effective as Mg“ in activating muscle 
enolase as determined in 5 & 10 m imidazole buffer with 5 X 
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TaBLe II 
Amino acid composition of muscle enolase 


A. Holt and F. Wold 


Values given for the 20- and 70-hour hydrolysates represent 
average values of triplicate and duplicate determinations, respec- 
tively. The molecular weight value used for calculating the 
number of residues was estimated from the sedimentation and 
diffusion coefficients extrapolated to zero concentration. 

Amino acid residue per 2 mg of protein Calculated 
No. of 

Amine acid 20-hour 70-hour Average or N 

pmoles pmoles pmoles 

eee 1.683 1.580 1.631 69.4 
Histidine............... 0.431 0.480 0.456 19.4 
Ammonia............... 1.908 2.676 1.603* 68.2* 
Arginine................ 0.738 0.709 0.724 30.8 
Aspartic acid........... 1.869 1.889 1.879 80.0 
Threonine.............. 0.778 0.634 0.808 34.3 
. 0. 730 0.542 0.810 34.4 
Glutamic acid.......... 1.621 1.655 1.638 69.6 
0.633 0.620 0.626 26.6 
4664666 1.751 1.748 1.749 74.4 
. 1.801 1.886 1.843 78.4 
Half-cystine............ 0.146 0.136 0.152 6.4 
o 1.360 1.399 1.380 58.7 
Methionine... ......... 0.292 0.263 0.304 12.9 
Isoleucine.............. 1.052 1.056 1.054 44.8 
b 1.624 1.618 1.621 69.0 
Tyros ine 0.419 | 0.408 0.427 18.2 
Phenylalanine.......... 0.614 0.606 0.610 25.9 
Tryptophan 0.28 | 10.5 
a 18.180 703.7 


hese values not included in the total. 


III 


Kinetic properties of muscle enolase compared to corresponding 
' palues reported for yeast and potato enolase 


Assays done in presence of 2.7 X 10 * u Mg“. 


| 
Assay condition 
Source of — 84 — Reference 
en yme constan 
Buffer pH number 
| moles 
sub- 
lie 
ensyme, 
min 
Muscle | Imidazole 6.8 8100 9.6 x 10 
Muscle Bicarbonate- 7.35 6700 
glycine 
Yeast Bicarbonate- 7.35 9900 1.5 X 10°? (2) 
glycine 
Potato Bicarbonate- | 7.35 210 8.3 Xx 10°? | (4, 5) 
glycine 


10M substrate and 0.4 u KCl at pH 7.2. These conditions 
are comparable to those of Wold and Ballou (11) who also found 
these metals to activate the yeast enzyme. The pH optimum of 
muscle enolase in imidazole buffer is 6.7, about 1 pH unit lower 
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pH 
Fic. 1. The pH dependence of the initial velocity of the enolase 
reaction, catalyzed by the yeast enzyme ( X) and the muscle 
enzyme (O——O). Each value is the average of three determi- 
nations. The 3 ml of reaction mixture contained 0.05 Mu imidazole, 
8 X 10°? m MgSO,, 0.4 u KCI, Mu p-glyceric acid 2-phosphate, 
and 0.64 yg of enzyme. 


than that of yeast enolase evaluated under identical conditions 
(Fig. 1). Irreversible denaturation of muscle enolase also occurs 
at a lower pH (9 to 9.5) than that of the veast enzyme (pH 10 
to 10.5) (11). 


Physical Measurements 


Crystalline muscle enolase appeared homogeneous during sedi- 
mentation (Fig. 2) and determination of the sedimentation co- 
efficient as a function of concentration allowed extrapolation to 
zero protein concentration (Fig. 3). In imidazole-MgCh buffer 
at 1°, pH 7.07, ionic strength 0.1, s, was found to be 3.46 x 
10-" seconds. Making the usual corrections (13) for tempera- 
ture and viscosity, this corresponds to 80 % = 5.97 S8. Experi- 
mental data obtained at 20° gave values of 5.5 to 5.68 for enolase 
concentrations of 0.6 to 1.0%. The diffusion coefficient was 
evaluated under conditions identical with the evaluation of s 
and exhibited only a slight concentration dependence (Fig. 4). 
Extrapolation to zero protein concentration gave a diffusion 
coefficient at 1° of 3.41 X 107 em? per second. 

The electrophoretic patterns in the neutral pH range were 
symmetrical and showed enantiography. The mobility in both 
phosphate and imidazole buffers in the range of pH 5 to 8.5 was 
very low, and indicated only a slight change in charge in this 
pH range. The isoelectric point was estimated to be at pH 5.5 
to 5.8. Above pH 9, two peaks were obtained, and all activity 
was lost. This phenomenon has not yet been studied in detail. 
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Fic, 2. Sedimentation of muscle enolase (0.6 g/100 ml) in imidazole-MgCl, buffer at 1. Photographs were taken at 16-minute in- 
tervals beginning 14 minutes after attaining constant speed (59,764 r.p.m.). The phase plate angle was 60°, The arrow indicates 
the direction of sedimentation. : 
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Fic. 3. Concentration dependence of the sedimentation coeffi- Fic. 4. Concentration dependence of the diffusion coefficient of 
cient of muscle enolase. Conditions the same as in Fig. 2. muscle enolase in MgCl:-imidazole buffer at 1°. 
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Calculation of molecular weight of muscle enolase from Archibald 
approach to sedimentation equilibrium method 


Muscle enolase (0.80%) studied in imidazole-MgCl, buffer at 
pH 7.07, ionic strength 0.1. Rotor velocity, 12,590 r.p.m.; tem- 


perature, 25°. 
Time after constant velocity 
attained | 


Phase plate angle Molecular wei ee 


from s:Dv 
7 60° 79, 300 
10 70° 77,500 
21 60° 76,800 
24 70° 77,300 
35 77,200 
38 70° 78. 100 
Molecular Weight Estimation 


Substitution of sedimentation and diffusion data (si and Dj) 
in the Svedberg equation 
RTs 


~ Di = 


give u molecular weight estimation of 4,900 g per mole for 


muscle enolase, The partial specific volume was found to be 
0728 (at 1°) from pyenometer and density gradients methods. 
The molecular weight has also been estimated from the Archi- 
bald approach to equilibrium method. Ehrenberg (13) has 
suggested that evaluation of the s: D ratio as a function of time 
may be used as a criterion of homogeneity, and the molecular 
weight estimated during the interval from 7 to 38 minutes after 
attaining constant velocity is given in Table IV. These measure- 
ments have a molecular weight somewhat smaller than that 
obtained from sedimentation and diffusion data. The fact that 
the molecular weight estimate does not change with time gives 
further evidence for the homogeneity of the enzyme. 


SUMMARY 


1. Enolase has been isolated and crystallized from rabbit 
muscle. Isolation involves preparation of an aqueous extract of 
rabbit skeletal muscle in 0.05% Versene solution, fractionation 
of the protein solution in acetone, treatment at 55° in 5% MgSO, 
for 5 minutes, and fractionation with ammonium sulfate. The 
enzyme may be crystallized from the fraction precipitating in 


A. Holt and F. Wold 
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the range of 60 to 70% saturation with ammonium sulfate by 
preparing concentrated protein solutions 60% saturated with 
ammonium sulfate and magnesium sulfate and adjusting the pH 
to 7.8 with ammonium hydroxide. The specific activity of the 
crystals remains constant after a single recrystallization and 1 
mg catalyzes the conversion of 85 umoles of substrate to product 
in 1 minute at 25°. 

2. Chemical and biochemical parameters have been compared 
for muscle and yeast enolase. Major differences between the 
two enzymes are found in the molecular weight, the pH optimum, 
and the presence of cystine (or cysteine) in the muscle enzyme, 
this amino acid being absent in veast enolase. 

3. The physical properties of muscle enolase have been studied 
in imidazole-MgCl, buffer, ionic strength 0.1, pH 7.07, at 1°. 
Under these conditions, s was found to be 3.46 X 10°" seconds; 
D, 3.418 X 10% em? per second; and 7 0.728 em per g. The 
sedimentation and diffusion data indicate a molecular weight of 
85,000 g per mole; measurements by the Archibald approach to 
equilibrium method give molecular weight values in the range 
of 77,000 g per mole. 
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Improved Procedure for the Isolation of Human Plasminogen* 
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Although plasminogen purification methods based on cellulose 
column chromatography have been described (1-4), the pro- 
cedure based on acid extraction of Cohn’s plasma Fraction III 
(5) has continued to be widely used because of its simplicity, 
reproducibility and the absence of a limitation on the amount of 
Fraction III which can be processed. With the Fraction III 
available in 1953, plasminogen with a specific activity of 45 to 60 
Remmert and Cohen (7) C. U. per mg of N could be obtained 
by the acid method, but more recently, it has not been possible 
to obtain purities exceeding 40 C. U. per mg of X. 

In this paper are described a modification of the original 
method and the addition of two steps which permit the isolation 
of plasminogen with a specific activity of 110 to 173 C. U. per 
mg of N. The over-all procedure can be applied to large quanti- 
ties of material, requires no special apparatus or techniques, is 
reasonably reproducible, and yields a product which is homo- 
geneous in the ultracentrifuge and in electrophoretic analyses. 


EXPERIMENTAL PROCEDURE 


Fraction III was obtained from E. R. Squibb and Sons through 
the courtesy of Dr. James H. Pert of the American National Red 
Cross. Caseinolytic activity was measured by a modification 
(6) of the method of Remmert and Cohen (7). One unit repre- 
sents the liberation of 450 ug of trichloroacetic acid-soluble tyro- 
sine equivalents per hour. The unit of activity obtained with 
the modified procedure agrees within experimental error with 
that obtained with the original Remmert and Cohen method.? 
Protein concentration was measured by the biuret reaction from a 
curve which had been established by micro-Kjeldahl analyses of 
purified plasminogen. 

Streptokinase (Varidase, Lederle Laboratories Division) was 
kindly supplied by Dr. E. C. De Renzo and Dr. B. L. Hutchings. 


RESULTS 


The published acid extraction method (Method 1) involved 
an initial extraction of Fraction III with 0.05 N H.SQO, (1 g/20 
ml) for 10 minutes at room temperature, followed by centrifuga- 
tion at 2500 r.p.m. for 10 minutes. The supernatant solution 
was decanted through glass wool and adjusted to pH 11 with N 
NaOH. All acid and alkali additions were run in by pipette 
while the solution was stirred by hand. The pH was then im- 
mediately brought to 5.3 with x HCI and the preparation placed 


* Assisted by Grant G-7496 from the National Science Founda- 


tion and Grant C-2294 (C6) Hema from the United States Public 
Health Service. 

The abbreviation used is: C. U., caseinolytic units. 

2 Assays according to Remmert and Cohen were performed by 
Dr. Paul Curtiss and Dr. LeRoy Klein, University Hospitals, 
Cleveland, Ohio. 


in the refrigerator for a minimum of 3 hours (usually overnight), 
The pH of the suspension was then adjusted to 2 with & HC, 
and the material was centrifuged for 1 hour at 2700 r.p.m. The 
clear supernatant solution containing plasminogen was carefully 
decanted from the gelatinous residue. At this point, the new 
procedure (Method 2) deviated from the original method. The 
acid solution of plasminogen was adjusted to pH 9 with x NaOH 
and the volume was measured. One milliliter of 0.02 M Na,HPO, 
solution, pH 8.5, was added per 100 ml of plasminogen solution, 
and the enzyme was permitted to precipitate overnight at 4° 
The plasminogen was collected by centrifugation at 2500 r.p.m. 
for 10 minutes and was dispersed in 0.5 ml of distilled water per 
g of Fraction III used, which gave a protein concentration of 
about 4 to 6 mg per ml at this point. Complete solution was ob- 
tained by the addition of a drop or two of N HCI after dispersal 
of the precipitate. The yield and specific activity varied with 
the batch of Fraction III used. As an average, a vield of 36.5% 
of the starting activity was obtained with an activity of 48.5 to 
74 C. U. per mg of X (Table 1). 

Hagan (8) has described the solubilizing effect of lysine on 
plasminogen at pH 5.5. We have used this observation in the 
next step of the purification. To the acidified plasminogen solu- 
tion obtained as described above, L- or pL-lysine-HC1] (Mann 
Research Laboratories, Inc.) is added in solid form to make a 
solution which is 0.1 M with respect to lysine. The pH of the 
solution is then adjusted to 9.5 and immediately to 5.5. After 
10 minutes at room temperature with occasional stirring, the 
insoluble material is removed by centrifugation and the solution 
containing plasminogen is dialyzed against 0.001 X HCI over- 
night at 4° to remove the lysine. The loss of activity in this 
step was 10%, and the specific activity of the product varied 
from 75 to 112 casein units per mg of N (Table I). The dialysate 
is then adjusted to pH 2 with x HCI and solid NaC} is added to 
produce a concentration of 1.0m. During precipitation, the mix- 
ture is placed at 4° for 15 minutes or longer and is then centr- 
fuged at 2700 r.p.m. for 15 minutes. The purified plasminogen 
is then dissolved in distilled water to any desired concentration 
and dialyzed against 0.001 u HC] to remove the salt. The pH 
of the final solution is about 3. The product contained 29% 
of the activity originally extractable from the Fraction III, and 
the specific activity varied from 110 to 173 C. U. per mg of N 
(Table 1). 

The purified plasminogen obtained by Method 2 was rela- 
tively stable in the frozen state at pH 3 or as a lyophilized powder. 
During a period of 2 months, 25% of the activity disappeared 
slowly. The lyophilized powders had been kept under room 
conditions. 

Plasminogen which had deteriorated was reprocessed by treat- 
ment with lysine and NaC! as described above, and the original 
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TaBLe I 
Purification of plasminogen* 
Start End Yield 
Casein Specific Casein 
Specific activity C.U./mg. N — 2 — % 
Treatment with lysine—Step 1 
74 1925 91 1550 80 
56 4510 75 4350 96 
60 1235 112 1290 104 
60 258 96 248 96 
49 485 73 370 76 
647 1057 
| 
| — — 
Average 60.4 | 92 90 
NaCl precipitation after lysine—Step 2 
91 254 130 26 88 
89 219 117 230 92 
73 370 17 3556 96 
1057 | 1207 | 
Average...... 90 | 12 91 
Lysine and NaCI Steps 1 and 2 
97 100% 151 1023 351 
64 19030 23 1718 80 
84 2775 155 2182 78 
77 2795 1533 2750 98 
80 150 3875 90 
79 4520 178 4455 99 
63 4500 110 3775 84 
50 5200 115 3800 74 
53 2350 110 1682 71 
| | | 
Average 73 | 137 | 77 


* Starting material was obtained from Fraction III by two acid 
extractions and precipitation by addition of phosphate buffer 
(see text). 

t Fraction III prepared by Cutter Laboratories. 


specific activity was regained. In fact, less pure materials, after 
asecond processing, equaled those obtained in the most success- 
ful experiments. 

Spontaneous plasmin activity amounted to 2.1% of the total 
obtainable after activation with optimal concentrations of strep- 
tokinase. This quantity of presumably nonplasminogen con- 
tamination was not detected in Tiselius electrophoretic or in 
ultracentrifuge studies. All preparations of purified plasminogen 
showed a single peak in electrophoretic studies at pH 2 to 4 at 
enzyme concentrations from 2 to 10 mg per ml despite varia- 
tons in specific activity from 100 to 175 C. U. per mg of N. 
Evidently, such analyses are not decisive as a criterion of plas- 
minogen purity. 

Studies in the ultracentrifuge likewise indicated a single pro- 
tein type to be present (Fig. 1). The sedimentation constant 


determined at 22.7 in 0.1 M glycine buffer, pH 2.9, was 3.3 8. 


to water at 20°, the value is 3.2. 


- 


Fid. 1. Sedimentation pattern of human plasminogen. Con 
centration of protein 1%, buffer-0.1 u glycine, pH 2.9. Photo- 
graphs were taken 32 and 96 minutes after rotor reached speed of 
59,780 r.p.m. in a Spinco model E ultracentrifuge. Direction of 
sedimentation is to the left. 


The purified material contained no organic ash, 14.9% nitro- 
gen, and 0.94% reducible carbohydrate. During the conver- 
sion of plasminogen to plasmin with streptokinase, none of the 
carbohydrate could be detected in the protein-free supernatant 
solution in agreement with the finding of Shulman, Alkjaersig, 
and Sherry (9). We did not confirm a conflicting report of the 
release of carbohydrate during the activation of plasminogen (10). 
The purified plasminogen exhibited the same solubility char- 
acteristics as less purified material. It was easily soluble only 
below pH 4.0 or above 8.6. 

Upon the addition of 10,000 streptokinase units per C.U., the 
purified plasminogen was completely converted to plasminogen 
activator as measured in lysine methyl ester and bovine clot 
assays, supporting our finding with less pure plasminogen that 
human plasminogen or plasmin have proactivator potential (6). 


DISCUSSION 


The procedure described permits the isolation of human plas- 
minogen from Fraction III of a specific activity about 3 or 4 
times higher than the product yielded by the original acid ex- 
traction method. The new procedure, Method 2, involves no 
special skills or equipment nor is there any limit to the quantity 
of Fraction III which may be processed. Variations between 
batches of Fraction III, and sometimes within a given batch, 
resulted in activities from 110 to 173 C. U. per mg of N. How- 
ever, a repetition of the lysine and NaCl steps of the procedure 
brought the less pure material up to the higher levels. 

Purification of plasminogen beyond the specific activities 
obtained with the original acid method has been described. Nor- 
man (3) used diethylaminoethyl cellulose, eluting with amino- 
ethanol. Using Method 2 described in this paper, he has ob- 
tained material which was slightly more active than that isolated 
from his cellulose columns.“ Hagan, Ablondi, and De Renzo 
(4) have reported purification after separation on a carboxy. 
methyl cellulose column and elution at acid pH. It is not pos- 


P. S. Norman, personal communication. 
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sible to compare directly the activities obtained by them with 
those obtained with Method 2 since different assays were used. 
Calculations, however, indicate that the products possessed a 
similar specific activity if the best of each are considered. The 
carboxymethyl cellulose columns, however, in addition to im- 
posing severe limitations on the quantity of enzyme which can 
be handled, are also laborious to use and have proved to be 
uncertain because of variations between batches of either cellu- 
lose or Fraction III.“ 

The nitrogen value obtained, 14.9%, is lower than that re- 
ported for less pure plasminogen (9); carbohydrate, 0.947, was 
the same. The sedimentation constant, 3.2 8, agrees with the 
previously reported figure (4, 9) after correction for the concen- 
tration of protein used. 

Since streptokinase can react with plasmin to form a plasmino- 
gen activator (6), it is noteworthy that spontaneous plasmin ac- 
tivity was found in these highly purified preparations. The 
possibility that streptokinase can also react with plasminogen to 
form an activator is not excluded by these results. The most 
highly purified preparations are converted to plasmin by strep- 
tokinase or urokinase, and “autocatalytic” conversion occurs in 
50% glycerol. Plasmin has been obtained by the use of small 
amounts of streptokinase (50 units per C. U.) with a specific aec- 
tivity equal to that of the plasminogen used. The plasmin 
formed, however, is unstable in the frozen or lyophilized state. 
Activity is maintained in 50% glycerol solution. 


E. C. De Renzo, personal communication. 
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SUMMARY 


A modification of the acid extraction method of pla<minogey 
purification is described and two additional steps have been 
added. The modification consists in a precipitation by the ad. 
dition of phosphate buffer, pH 8.5 to the plasminogen solution 
which has been adjusted to pH 9.0 instead of precipitation at 
pH 6.0. The two additional steps involve (a) extraction of 
plasminogen with 0.1 M lysine at pH 5.5 followed by dialysis 
against 0.001 m HC] to remove the lysine, and (6) precipitation 
of plasminogen at pH 2.0 by the addition of solid NaC! to a fing) 
concentration of 1.0 u. With this new procedure, Method 2 
the inctease in specific activity as compared to serum is about 
400 times. The simplicity of the original method has been re. 
tained and reproducibility is satisfactory. 
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Ribonucleoprotein particles, often referred to as ribosomes 
can be prepared from the cytoplasm of Jensen sarcoma cells by 
treatment with deoxycholate, followed by washing with buffer 
st pH 7.0 and ionic strength 0.0035. The product contains 
30% ribonucleic acid and shows a single boundary on electro- 
phoresis at pH 8.0 and ionic strength 0.10 (2). That portion of 
the ribonucleoprotein which is not attached to ergastoplasmic 
membranes, approximately half, can also be purified by sedimen- 
tation in a sucrose density gradient and washing in the pH 
7 buffer. These ribonucleoprotein preparations, however, con- 
tain only 40% ribonucleic acid. In the pH 8 buffer they show 
complex electrophoretic patterns indicating the presence of free 
ribonucleoprotein, free protein, and ribonucleoprotein- protein 
complexes (3). On washing with the pH 8 buffer this partially 
dissociated protein is removed, and the ribonucleoprotein re- 
sembles that purified by the deoxycholate method. 

This ability of ribonucleoprotein to bind protein is important 
for several reasons. It should be considered in the design of 
preparative procedures. It may bear a relationship to the func- 
tion of ribonucleoprotein as a template in protein synthesis. 
Finally, a better knowledge of binding can contribute to our 
understanding of ribonucleoprotein structure. Further study of 
protein binding has been undertaken, and the binding of hemo- 
globin (4) by sarcoma ribonucleoprotein is here described. 


EXPERIMENTAL PROCEDURE 


Ribonucleoprotein—Most of the experiments were carried out 
on RNP! which had been purified by the deoxycholate proce- 
dure (2). One experiment was made with RNP purified only 
by sedimentation into 70% sucrose, followed by washing with 
0.001 M potassium phosphate, at pH 7, containing 0.0005 m 
MgCl, (buffer M) (3). Except when the effects of dissociation- 
association reactions were being studied, the RNP was kept in 
the 83 S form, by the addition of 0.0005 M MgCl, to the various 
buffers used. The compositions of the various buffers are given 


in the legends to the figures. 


* This investigation was supported by funds from the United 
States Atomic Energy Commission under their contract AT (30-1)- 
910, and by Research Grant CY 3190 from the National Cancer 
Institute of the National Institutes of Health, United States Pub- 
lie Health Service. 

A preliminary report of this work was presented at the Ameri- 
2 Society of Biological Chemists, Chicago, April 11 to 15, 1960 


' The abbreviations used are: RNP, ribonucleoprotein; buffer 
M. 0.001 M potassium phosphate-0.0005 M MgCl; at pH 7.0 and 
ionic strength 0.0035. 


The approximate RNP concentration was calculated from its 
ultraviolet absorption at 260 my. A solution containing 1 mg 
of RNP per ml has an absorbancy of 14.4 (2). Freshly pre- 
pared RNP was diluted to 3 mg per ml with the appropriate 
buffer and dialyzed for 5 days against the same buffer. The 
RNP was then removed from the dialysis bag and diluted to 
2.5 mg per ml (for Methods 1 and 2) or 1.7 mg per ml (for 
Method 3). Samples were analyzed for RNA by the orcinol 
procedure, and for bound magnesium by the Titan yellow 
method (2). The final RNP concentration was taken as twice 
the RNA concentration. 

Hemoglobin—Human hemoglobin was prepared from out- 
dated blood-bank material by washing the erythrocytes five 
times with 0.9% NaCl solution (5), lysing them by freezing and 
thawing, and removing the ghosts by centrifugation at 20,000 
xX g for 20 minutes. 

The product appeared homogeneous in the analytical ultra- 
centrifuge and in moving boundary electrophoresis at pH 8.0 
and ionic strength 0.1, in buffer containing 0.02 M KHCOs,, 
0.0755 M KCl, and 0.0005 M MgCl. 

Hemoglobin solution, in 25 ml portions, containing about 60 
mg per ml, was transferred to 100ml Pyrex bottles, shell- frozen, 
and stored in a deep freeze cabinet. As needed, a sample was 
thawed rapidly by immersing the bottle in water at 37°, and 
oxygenated by rolling the bottle on a table top for about 5 min- 
utes. The hemoglobin was then diluted with buffer M to about 
8 mg per ml and dialyzed against the buffer for 2 or 3 days. 
Any aggregated protein was removed by centrifuging for 90 
minutes at 105,000 x 9. The supernatant was diluted to 4 to 
6 mg per ml and dialyzed against the buffer in which binding 
studies were to be carried out. 

Binding Studies—Solutions of RNP and of hemoglobin were 
measured into Lusteroid ultracentrifuge tubes. The tubes were 
capped and inverted to mix the solutions. The RNP was then 
sedimented, and the top half of the supernatant was analyzed 
for hemoglobin. The mixtures were prepared in three ways. 

Method 1—For each determination 4 ml of RNP (10 mg) were 
measured into an 1l-ml tube. The appropriate volume of 
hemoglobin solution was added, to give a final concentration of 
0.7 to 2 mg of hemoglobin per ml, and the total volume was 
made up to 10 ml with the dialysis buffer. For each hemoglobin 
concentration two controls were prepared, without RNP, but 
containing the same amount of hemoglobin, plus buffer to 10 ml 
total volume. Each RNP sample (83 S) plus one of its controls 
was centrifuged for 90 minutes at 105,000 x g at about 5°. 
From each tube, exactly 5 ml of the supernatant were removed. 
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RNP alone 
2.72 mg/ml 


Fig. 1. Ultracentrifugal patterns of RNP, hemoglobin (Hb0;), 
and a mixture, at pH 7.0 and T/2 0.02, in buffer containing 0.001 M 
potassium phosphate, 0.0005 M MgCl, and 0.0165 m KCl. RNP 
alone, after 14 minutes at 42,040 r.p.m. at 5°; samples containing 
hemoglobin, after 27 minutes at 33,450 r.p.m. at 4°. 


10 20 30 10 

7 
Fic. 2. The binding of hemoglobin by RNP, in buffers con- 
taining 0.001 m potassium phosphate at pH 7.0. r, moles of hemo- 
globin per mole of RNP; f, molarity of free hemoglobin; n, amount 
bound, per mole of RNP, at saturation; K, binding constant (see 
text). A. The effects of ionic strength and temperature. The 
RNP was chiefly in the 83 S form. All buffers contained 0.0005 u 
MgCl:. , O, buffer M, no KCl; @, 0.0065 m KCl; A, 0.0165 u 
KCl. Solid symbols, binding at 5 to 8°; open symbols, at 25°. B. 
The effect of magnesium binding and dissociation or association, 
at ionic strength 0.01. A, no MgCl: in the buffer, 0.008 M KCl, 
chiefly 55 S; @, 0.0005 m MgCl:, 0.0065 m KCl, chiefly 83 S; , 
0.0015 M MgCl:, 0.0035 m KCl, 83 S plus aggregated RNP; , 

0.0025 M MgCl, 0.0005 m KCl, chiefly aggregated RNP. 
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Method 2—The procedure was similar except that 5 mg of 
RNP, plus hemoglobin to give final concentrations of 0.7 to 2 
mg per ml, were used, in a total volume of 5 ml, in 6-ml tubes 
which were centrifuged in polyethylene adaptors at 105,000 x 
g at 5°. RNP (83 S) was sedimented for 90 minutes, and 55 8 
RNP for 190 minutes. From each tube, 3 ml were removed. 
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Method 3—The RNP was diluted to 1.7 mg per ml, and the 
hemoglobin was diluted to 2, 2.5, 3, 4, and 6 mg per ml. RNp 
or buffer, 3 ml, and hemoglobin, 2 ml, were added to each 6m 
tube. Although this method was the most accurate, similar 
results were obtained with all three. 


In several experiments, the tubes were centrifuged at about 


25° for 70 minutes for 83 8 RNP or 120 minutes for 55 8 RNp 
This temperature was maintained by turning the refrigeration 
on and off for alternating 15-minute periods. 

The hemoglobin concentrations of the RNP supernatants and 
their controls were calculated from their absorbancies in a Beck. 
man spectrophotometer at 450 ma. A solution containing 3 
dry weight of 1 mg of hemoglobin per ml had an absorbaney of 
0.987. The measurement of hemoglobin was quantitative up to 
an optical density of 1.2. Samples containing over 1.2 mg per 
ml were diluted before reading. 

Each RNP supernatant was corrected by the factor obtained 
by dividing its unsedimented control by its sedimented control, 
These factors were about 1.06 for experiments on 83 S RNP, 
and 1.1 to 1.2 for experiments on 55 8. The unsedimented 
control (total hemoglobin) less the corrected RNP supernatant 
(free hemoglobin) gave the bound hemoglobin. This value wag 
divided by the exact RNP concentration, determined by the 
orcinol method, to give milligrams of hemoglobin bound per mg 
of RNP. For the calculation of moles of hemoglobin per mole 
of RNP the molecular weight of hemoglobin was taken to be 
67,000 (6), and that of RNP was assumed to be 4,000,000 (3). 

In most cases, the absorbancies of the RNP supernatant and 
its sedimented control were also measured at 260 my. That 
portion of the absorbancy due to the hemoglobin was subtracted 
from the total, and the remainder was assumed to represent un- 
sedimented RNP. The unsedimented RNP usually ranged from 
1 to 3% of the total RNP in the tube, although occasional 
values of 6% were noted. Whenever the value was over 1%, 
the free hemoglobin was corrected, with the assumption that the 
unsedimented RNP bound hemoglobin in the same proportion 
as the sedimented RNP. 

Analytical Ultracentrifugation—A portion of each RNP sample 
was examined in an analytical ultracentrifuge equipped with an 
RTIC temperature control unit, at the binding temperature. 
Samples containing RNP only were run at 42,040 r.p.m. at 5 
or at 37,020 r.p.m. at 25°. Hemoglobin or mixtures of RNP 
and hemoglobin were run at 33,450 r.p.m., and an exposure 
time of 20 seconds was used, with the usual yellow (Wratten 
16) filter. 


When RNP and hemoglobin solutions in buffer M, at pH 
7.0 and ionic strength 0.0035, were mixed in the cold, a heavy 
flocculent precipitate formed immediately. At higher pH ot 
increased ionic strength, no precipitate was noted. Ultracen- 
trifugal patterns obtained at pH 7.0 and ionic strength 0.02 are 
shown in Fig. 1. The RNP alone shows chiefly the 83 S com- 
ponent, which travels at a rate of 79 S at this concentration. 
In the presence of the hemoglobin, the chief component travels 
at a rate of 81 8, and the other components also move slightly 
faster. The protein concentration in the RNP boundaries # 
increased by 0.36 mg per ml, and the free hemoglobin is de 
creased by a corresponding amount, 0.33 mg per ml. 

Binding curves, of the type suggested by Scatchard (7), ar 
shown in Fig. 2. When such plots give straight lines, the bind 


S 8. 


3236 
| CCC òô1m ⁊ 
81S 
RNP + bound HbO, Free HO. 
3.08 mg/ml 1.11 mg/ml 
HO alone 
1.44 mg/ml 
0 A 8 
Kn | 
\ | 
x10" x10°6 
n 
RESULTS 


No. 12 


December 1961 


ing may be considered to be statistical, and extrapolation to the 
abscissa gives a value, n, which is the amount that can be bound 
atsaturation. Extrapolation to the ordinate gives Kn, and K, 
the binding constant, can be calculated. 

In the binding of small ions to proteins, n is considered to 
represent the total number of sites available for binding the 
ion in question (8). For a molecule the size of hemoglobin, 
however, it probably represents the total amount of hemoglobin 
that can fit on the surface of the RNP. For other proteins, with 
different sizes and shapes, different values for n might be found. 

Typical binding curves for 83 S RNP are shown in Fig. 24. 
Within experimental error, the plots give straight lines. The 
slopes of these lines, which are proportional to K, vary widely, 
showing that the strength of the binding is greatly influenced 
by small changes in the ionic strength of the buffer. K is also 
dependent on temperature; at an ionic strength of 0.0035 the 
binding is much weaker at 25° than at 5°. A similar set of 
curves was obtained when the pH was varied from 6.6 to 7.7, 
at an ionic strength of 0.01. As long as the RNP was kept 
chiefly in the 83 S form, however, with about 0.4 equivalent of 
bound Mg per mole of RNA phosphate (2), the intercept, n, 
remained close to 42. RNP purified by layering over sucrose 
gave a curve, in buffer M, slightly higher than that of deoxy- 
cholate-treated RNP, with n = 45 and Kn = 29 x 10°. 

Fig. 2B shows the effect of varying the MgCl: concentration 
of the buffers. Both the slopes and the intercepts of the lines 
are affected. When most of the magnesium is removed, and 
the RNP dissociates, n is increased to 50. At high magnesium 
concentrations, where the RNP is aggregated, n is reduced to 
95. These changes in the amount of hemoglobin which could 
be bound at saturation probably reflect changes in the amount 
of surface available for binding. In a series of 14 experiments, 
the magnesium concentration of the buffer varied from 0 to 
0.0025 m. The magnesium bound by the RNP varied from 0.11 
to 0.76 equivalent per mole of RNA phosphorus, and the per- 
centages of RNP in the 55 8, 83 8, 110 to 150 8, and aggregated 
(s over 150 S) forms also varied greatly (2). A set of empirical 
n values for the various ultracentrifugal components, chosen 
by trial and error, was found to fit the data fairly well (see Fig. 
J. These are, for 55 8, n = 65; 83 8, n = 48; 110 to 150 8, 
n = 20, and aggregated RNP, n = 20 moles of hemoglobin per 
4x 105g of RNP. If the molecular weight of 55 S is assumed to 
be 2 x 105 (3), n is 33 molecules of hemoglobin per RNP particle. 
On a weight basis, this corresponds to 1.1 mg of hemoglobin per 
mg of RNP, a surprisingly large amount. 

Fig. 44 shows the variation of the binding constant, K 
Kn/n, with pH. The strength of binding drops off steeply be- 
tween pH 6.6 and 7.7. The nature of the buffer is also impor- 
tant. Near pH 7, RNP preparation 495 shows the same K in 
phosphate and in cacodylate, and three other preparations show 
higher values in phosphate. In 0.005 m Tris, however, K is 
markedly decreased. With Tris buffer at pH 7.4, no binding 
was found. 

Fig. 4B shows the great effect of small changes in ionic 
strength at pH 7. The scatter of the points may be the result 
of small differences in pH, or may reflect differences in the in- 
dividual RNP preparations used. At ionic strength 0.0035, K 
for the sucrose RNP was within the range found for the deoxy- 
cholate preparations. 

In three experiments, K was measured at two different tem- 
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Fic. 3. The effect of association and dissociation on the amount 
of hemoglobin bound by RNP at saturation. n, moles of hemo- 
globin per 4 X 10% g of RNP. Calculated n was estimated from 
the ultracentrifugal patterns by the formula n = 20(% > 83 S) + 
48(% 83 8) + 65(% < 83 8). All at pH 7. @ and @, ionic 
strengths of 0.0035 and 0.01; for buffers see Fig. 2. @, ionic 
strength 0.015, in buffer containing 0.001 m potassium phosphate, 
0.001 M MgCl:, and 0.01 m KCl. A, ionic strength 0.02, in buffer 
containing 0.001 M phosphate and 0.018 M KCl. 


aor O0 003 
pH IONIC STRENGTH 
Fig. 4. A. The effect of pH and buffer composition on the bind- 


ing of hemoglobin by RNP (chiefly 83 S) at ionic strength 0.01, 
in buffers containing 0.0005 M1 MgCl:, at 5-8°. A——A, 0.0075 u 
KCl, 0.001 1 KOH, pH adjusted with cacodylic acid. , 0.0065 
m KCl, 0.001 u potassium phosphate. , 0.005 mu KCl, 0.005 1 
Tris-chloride. Open symbols, RNP preparation 495; solid sym- 
bols, preparation 493; other symbols, other preparations. B. The 
effect of ionic strength on the binding of hemoglobin by RNP 
(chiefly 83 S) at pH 7.0, in buffers containing 0.0005 1 MgC1:, 0.001 
M potassium phosphate, and 0 to 0.0465 u KCl, at 5-8°. @, de- 
oxycholate preparations; , sucrose preparation. 


peratures, and the heats of binding were calculated by the usual 
equation, 


Ti. 7. 


For 83 S RNP in buffer M, the first experiment gave K = 0.545 
at 6° and 0.200 at 20°; AH was —11,800 calories. The second 
experiment gave K = 0.535 at 6° and 0.147 at 22°; AH was 
— 12,800 calories. For 55 S RNP at pH 7 and ionic strength 
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0.02, in buffer containing 0.001 m phosphate and 0.018 m KCl, 
K was 0.223 at 15° and 0.089 at 29°; AH was —11,100 calories. 


DISCUSSION 


When mixtures of RNP and hemoglobin were examined in 
the analytical ultracentrifuge, the schlieren boundaries re- 
sembled that of free hemoglobin and those of the various RNP 
components (see Fig. 1). When a dilute hemoglobin solution 
was used, so that the concentration of free hemoglobin was low, 
a light absorption boundary could be seen to accompany each 
schlieren boundary. The anomalous boundaries expected in the 
presence of complexes (9, 10) were not apparent, perhaps be- 
cause the sedimentation rates of the free RNP components and 
the complexes are so similar. On electrophoretic analysis in the 
same buffer, at pH 7 and ionic strength 0.02, however, where 
the mobilities of free RNP and of complexes differ considerably, 
marked anomalies were noted; the ascending boundary showed 
extreme spreading, whereas the descending boundary remained 
hypersharp. 

In spite of the absence of obvious anomalies in the ultracen- 
trifugal patterns, some errors may be involved in the assumption 
that the concentration of hemoglobin in the supernatant in 
preparative centrifugation corresponds to the concentration in 
equilibrium with the sedimented complexes. Since the concen- 
tration of RNP was kept constant, these errors should have been 
fairly consistent. Thus, although the absolute values of K may 
not be accurate, the comparison of constants obtained under 
different conditions should still be valid. 

The binding of hemoglobin, and dissociation in buffers of in- 
creased ionic strength, have also been noted for rabbit reticulo- 
cyte (11) and Novikoff hepatoma (12) ribonucleoproteins. 
Since hemoglobin binding to microsomes (4, 13, 14) and ribo- 
nucleoproteins are so similar, it is probably the microsomal RNP, 
rather than the membrane fragments, on which the hemoglobin 
is bound. 

The binding of basic proteins and other nitrogenous bases by 
RNP appears to be a general phenomenon. Cytochromes, 
which are more basic than hemoglobin, are bound to RNP (3, 
15) and to microsomes (16-18). In buffers of low ionic strength, 
microsomes are precipitated by cytochrome (18), and also by 
protamine (4, 18). When RNP is purified by washing in buffers 
of low ionic strength, at pH 7, it may carry with it up to 20% of 
its weight of extraneous protein (3, 12). Ultracentrifugal analy- 
sis in the same buffer does not reveal the presence of this extra 
protein. It may, however, be observed, by analysis at pH 8 
and ionic strength 0.1, when a slow moving boundary appears. 
The presence of slow moving protein may also be noted in moving 
boundary (3), or starch electrophoresis. 

Smaller nitrogenous bases are also bound. Both rat liver and 
Escherichia coli ribonucleoproteins contain large amounts of 
polyamines (19, 20). In E. coli RNP, spermidine can help to 
preserve the 70 S structure; spermidine and magnesium together 
were more effective than either one alone (20). 

The ability of RNP to bind molecules as large as hemoglobin, 
and to be precipitated by them, suggests that the binding sites, 


presumably RNA phosphate, are on the surface of the 83 8 


particle. This hypothesis is also supported by the dependence 
of the electrophoretic mobility on the amount of magnesium 
bound (2). Bound protein also decreases the mobility of RNP- 
protein complexes (3). When the 83 S RNP dissociates to 55 8, 
presumably halves, about 30% more sites become available for 
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hemoglobin binding. The straight line shown for 55 S in Fig 
2B indicates that the newly exposed sites have binding constants 
similar to those on the.surface of the 83 S particle. The agree. 
ment in the heats of binding (—11,100 calories per mole of 
hemoglobin for 55 8, compared with — 12,300 calories for 83 8), 
also points to similarity of the new binding sites. 

Many of the properties of RNP can be explained on the sup. 
position that all the bound substances are competing for the 
same binding sites, the RNA phosphates. The competition be. 
tween monobasic and dibasic cations has been described (2, 21), 
The removal of bound proteins by precipitation of RNP with 
magnesium (22, 23) or streptomycin (24) may involve similar 
competition. The decrease in hemoglobin binding observed in 
the presence of Tris buffer suggests that Tris may also be bound 
competitively; the high concentrations of magnesium ions needed 
to stabilize RNP in Tris buffer (11) also suggest competition, 
That the reactions of basic dyes with nucleic acids involve com. 
petition with other cations was suggested by Michaelis (25). 

Much of the confusion in the interpretation of protein syn- 
thesis studies may be ascribed to failure to recognize the protein. 
binding properties of RNP. Ribonucleoproteins from some 
sources are very sensitive to electrolytes. They are often puri- 
fied by washing only at low ionic strength, at a pH near 7, where 
binding may be expected to be strong. If such an RNP prep. 
aration does not seem to “require” additional activating enzymes 
or transfer RNA for amino acid incorporation, it may be because 
it is still binding enough of them (3, 26). Thus, Nathans and 
Lipmann (27) found that microsomes washed in sucrose showed 
only a sulfhydryl requirement for transfer of amino acids from 
transfer RNA, whereas washing with deoxycholate gave particles 
that required an additional enzyme, present in the 105,000 x g 
supernatant or in the deoxycholate wash. The physiologically 
active ribosome may comprise bound enzymes as well as the 
RNP core (3, 12). 

Further complications may be introduced by the binding prop- 
erties of RNP, when the release of newly synthesized proteins 
is studied. Thus, Grabowski and Munro (28) showed that amyl- 
ase can be released from pancreatic microsomes by amino acids 
under conditions where neither RNP breakdown nor amylase 
synthesis occurs, that is, on incubation with individual amino 
acids in the absence of an energy source, or even with p- amino 
acids. Siekevitz (29) has described the release of newly syn- 
thesized proteins from pancreatic RNP by spermine. All the 
magnesium is removed, but none of the RNA. The latent 
RNAse of E. coli RNP, on the other hand, remains bound to the 
RNP on starch electrophoresis at pH 8 and ionic strength 0.1, 
and is released only under conditions where the RNP structure 
is disrupted (30). The antibody released from rabbit lymph 
node RNP by RNAse action also seems to have been an integral 
part of the RNP particle (31). 


SUMMARY 
The binding of hemoglobin by ribonucleoprotein from the 
Jensen sarcoma has been examined in detail. Extrapolation of 
the binding curves to saturation gives 48 molecules of hemoglobin 
per 83 S particle, and 33 molecules per 55 S particle. The binding 
constants are strongly dependent on pH, ionic strength, extent 
of magnesium binding, and temperature. 
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Procedures which have been reported for the purification of 
aliesterase from mammalian liver (1-3) have all resulted in 
preparations containing mixtures of proteins. Kinetic studies 
(4, 5) of the horse liver esterase-catalyzed hydrolysis of aliphatic 
esters have sometimes revealed deviations from the Michaelis- 
Menten equation, v = V,,,,;[ester]/(A,, + [ester]). That liver 
esterase kinetics may reflect the existence of more than one 
esteratic enzyme or the influence of other liver proteins is sug- 
gested (a) by the finding that the degree of purification of liver 
esterase affects the pH dependence of its kinetics (6); and (6) 
by the claim! of Falconer and’ Taylor (7) that two enzymes were 
present in their pig liver esterase preparation. 

The present work was undertaken in order to obtain and to 
characterize a homogeneous preparation of pig liver esterase. 
The use of this purified enzyme in kinetic investigations of liver 
esterase (4, 8) is the subject of another paper (9). 


EXPERIMENTAL PROCEDURE 
Materials Solutions were prepared with glass-distilled, CO.- 


free water. Acetone and all inorganic chemicals were reagent 
grade. DEAE-cellulose was a product from the Eastman Kodak 
Company. Twice crystallized papain was obtained from the 
Nutritional Biochemicals Corporation. The substrate for ki- 
netic measurements was Eastman White Label methyl n-butyr- 
ate, purified by washing with NaHCO; solution, drying with 
anhydrous MgSO,, and distillation. 

Enzyme Preparation—Fresh pig liver was converted to the 
acetone powder by the method of Connors et al. (2). The initial 
stages in the purification of pig liver esterase were carried out 
according to the procedure of Rozengart et al. (1), except that 
centrifugations were substituted for filtrations. These stages 
were: (I) extraction of the acetone powder with NH,OH; (ID 
fractionation of the liver proteins with acetic acid; and (III) 
fractionation with (NH,)SO,. The next step was that of (IV) 
fractionation with acetone, based upon the procedure of Connors 
et al. (2), followed by dialysis against water. 

The final step was (V) column chromatography with DEAE- 
cellulose (10), for which the temperature was 1-3°, and the 
initial buffer was 0.02 m phosphate, pH 7.4. An exponential 
gradient for elution was set up by gradual addition of 0.05 u 
phosphate-0.25 m NaCl, pH 5.2. Fractions were collected by 
means of a Technicon Time-Flow fraction collector. After each 


chromatographic run, treatment of the column with lu NaOH 


failed to elute any additional protein. Fractions to be studied 
kinetically were concentrated by precipitation with (NH,)2S0O,, 
dissolution in water, and dialysis against water. The chromato- 

1 The results of Falconer and Taylor can be explained also by 


the lack of sharp separations of protein fractions, which is in- 
herent in their solubility method. 


graphic fraction (Fraction B) displaying esterase activity con- 
sisted of a single enzyme whose specific activity (in relative 
number of enzyme units per optical density unit at 276 my) wag 
57 times that of the original NH,OH extract. 

Enzyme stock solutions were stored at —25°. Diluted alj- 
quots were kept at 2° for periods of up to 2 weeks, during which 
time neither denaturation nor change in kinetics was observed. 

Analytical Methods—The optical density at 276 my, deter. 
mined with a Beckman model DU spectrophotometer, was used 
as a measure of total protein concentration. 

All ultracentrifuge studies were performed with a Spineo 
model E ultracentrifuge under the following conditions: water 
solution, 18.4°; Kel-F cells; rotor speed, 59,780 r.p.m. 

Electrophoretic experiments with partially purified enzyme 
(as in Fig. 2a) utilized an Aminco-Stern apparatus at 2° with a 
15-ma current. These runs were performed at pH 6.12, 7.02, 
and 7.94, in phosphate buffer of 0.073 M ionic strength. Each 
run last 1 3 hours. Another set of electrophoretic studies, on 
DEAE-cellulose fractionated pig liver esterase (Fig. 2b) and on 
papain, was carried out with a Beckman-Spinco model H elee- 
trophoresis apparatus at 1° and a 20-ma current. Each of these 
runs lasted 5 to 7 hours. Buffers of 0.030 Mu phosphate-0.075 M 
NaCl were used, and protein concentrations were 0.2%. 

Kinetic Measurements—The rates of hydrolysis of methyl 
n-butyrate catalyzed by various samples of pig liver esterase 
were measured by a pH-Stat method, which is described else- 
where (8). The acid formed during the reaction was continu- 
ously titrated with standard alkali while the pH was held con- 
stant by means of a potentiometric circuit. All kinetic runs 
were made in buffer-free solution at pH 8.0, 25.0°, in the pres- 
ence of 0.01 u KCl. The substrate concentration ranged from 
0.12 to 44 mM, and rates were corrected for hydroxide-catalyzed 
hydrolysis. One enzyme “unit” was defined as the amount of 
enzyme required to hydrolyze methyl n-butyrate at a rate of 
10.0 wmoles per liter per minute when the substrate concentra- 
tion is 14.7 mm. v represents the observed total enzymatic rate 
divided by the number of enzyme units employed in the kinetic 
run. | 

RESULTS 
Partially Purified Pig Liver Esterase 

Pig liver esterase which had been carried through Stage III 
(ammonium sulfate fractionation) of the purification procedure 
was examined for heterogeneity by analytical electrophoresis at 
three pH values and by ultracentrifugation. Resultant schlieren 
photographs are displayed in Figs. 1a and 2a, and reveal the pres- 
ence of three distinct protein components. The fastest moving 
electrophoretic component contained by far the bulk of the en- 
zymatic activity. The ultracentrifuge pattern (Fig. 10) for the 
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Fic. 1. Ultracentrifuge patterns. A, Stage III preparation, after 49 minutes; B, Stage IV, 68 minutes; (, Stage V, 37 minutes, 


0.4% protein concentration. 


Fic. 2. Electrophoretic patterns. A, Stage III preparation, 
04% protein concentration, after 1 hour, pH 7.94; B. Stage V. 
0.2%, 3 and 7 hours, pH 7.9. Phosphate buffer was used in both 
runs. Ascending boundaries are shown. 


Stage IV esterase preparation shows that three protein compo- 
nents were still present, although the concentration of one of them 
had been reduced by the acetone fractionation. 

The elution diagram resulting from DEAE-cellulose column 
chromatography of the Stage IV preparation is reproduced in 
Fig. 3a. Three components (labeled A’, B’, and C’) appeared 
again. The resemblance of the patterns obtained upon frac- 
tionation of the same samples by three different methods“ sug- 
gests that there are exactly three different proteins in the par- 
tially purified pig liver esterase preparations. Each component 
in Fig. 3a would, then, be expected to consist of only one protein. 
This expectation will later be confirmed for Component B’. 

Component A’ was yellow in color and devoid of any esterase 
activity. The graph of enzymatic activity versus effluent vol- 
ume is consistent with the assumption that B’ is the only ester- 


The methods of ult racent rifugat ion, electrophoresis, and chro- 
matography depend for their operation upon three different prop- 
erties of protein molecules: molecular weight, charge, and a combi- 
nation of adsorption plus acid-base equilibria, respectively. 


ase present. Fractions B and C, as indicated in Fig. 3a, were 
isolated for kinetic and analytical studies. 

The chromatographie fractionation described above was 
actually Stage V of the purification procedure, and Fraction B 
was the end product of the esterase preparation. 


Criteria of Homogeneity of Final Preparation 

In this section the homogeneity of the Stage V pig liver esterase 
preparation (chromatographic Fraction B) will be examined by 
several physical criteria. 

DEAE-cellulose Chromatography— When the Stage V prepara- 
tion was subjected to refractionation on a DEAE-cellulose col- 
umn, the resultant elution diagram, Fig. 3b, indicated the pres- 
ence of only one component, BB’. A comparison of Fig. 30 with 
3a shows that component BB’ appeared at the same point during 
elution as did component B’ (approximately 130 ml after gradi- 
ent elution was started). There was no trace in Fig. 36 of pro- 
teins comparable to components A’ and C’. The esterase ac- 
tivity of BB’ correlated well with the component’s total protein 
content, as would be expected if there were only one protein, an 
active esterase, in the Stage V preparation. 

Ultracentrifugation—The ultracentrifuge pattern of the Stage 
V preparation (Fig. Ic) shows the presence of only one compo- 
nent, which is Gaussian in distribution. Therefore, the protein 
contained in the chromatographically fractionated esterase prep- 
aration has a uniform molecular weight. 

Analytical Electrophoresis—A homogeneous protein prepara- 
tion should appear as a single Gaussian peak during electro- 
phoresis at any pH. Two electrophoretic runs, one at pH 7.3 
and one at pH 7.9, were made with the Stage V pig liver ester- 
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Fic. 3. Elution diagrams from column chromatography. a, 
Fractionation of Stage IV preparation; 6, fractionation of Stage 
V preparation. 


ase preparation. Sample schlieren patterns are displayed in 
Fig. 2b. Both runs showed only one electrophoretic component, 
but the protein boundaries appeared to tail to some extent. 
This asymmetry could be caused either by the presence of two 
proteins in the esterase preparation or by an artifact (protein- 
salt binding or asymmetry of the initially formed boundaries) 
(11). The second alternative seemed the more probable one, 
since the pH 7.9 boundary moved much faster than the pH 7.3 
boundary, but the amount of tailing was identical in both runs. 
However, additional experiments had to be performed before a 
more definite statement could be made about the electrophoretic 
homogeneity of the preparation. 

An electrophoretic run was made with chromatographic Frac- 
tion BB (Fig. 30) at pH 7.9 in order to see whether the addi- 
tional fractionation which had been applied to Fraction BB 
would reduce the tailing shown by the Stage V preparation. 
If so, then the tailing was probably due to an impurity protein. 
The result was that the single protein boundary produced by 


Fraction BB tailed just as much as did the Stage V boundary. 


Halfway through this run the current was reversed; this caused 
all proteins present to change their directions of migration. 
The finding that the reversal of the current did not reduce the 
amount of tailing, or change the direction of the tailing, pro- 
vided more evidence that the tailing might be caused by an 
artifact. 
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A protein sample of known good purity, twice cryst:llized 
papain, which had been prepared by a procedure similar to that 
of Kimmel and Smith (12), was analyzed electrophoretically, 
The object was to compare the resultant patterns with those ob. 
tained in the preceding experiments. The conditions were thoge 
suggested by Kimmel and Smith (12): pH 5.3, in a buffer of 
phosphate plus 5 mu cysteine. The protein boundary was 
approximately as asymmetric as those obtained for Stage y 
esterase and for Fraction BB. Since the papain sample was 
not contaminated with any second protein, the tailing shown by 
the papain must have been caused by an artifact. Therefore, 
the esterase samples were probably electrophoretically homo- 
geneous, too. 

Electrophoretic Boundary Spreading—A very sensitive test of 
protein homogeneity is that of reversible electrophoretic bound. 
ary spreading (11). If only one protein is present in an electro. 
phoretic experiment, then a plot of (20)?/V%tp versus ty should 
be a straight line with zero slope, where 20 is the observed 
width of the schlieren peak halfway up from the base line; V is 
the applied voltage; tp is the number of hours during which the 
protein is allowed to diffuse; and t is the number of hours 
during which electrophoretic migration occurs. However, if 
the protein solution is heterogeneous, then the plot should be a 
straight line with a finite slope; this reflects the fact that spread- 
ing of the protein boundary would then occur not only because 
of diffusion, but also because the various protein components 
migrate at different rates during the electrophoresis. When 
the current is reversed, the slope should remain constant ip 
magnitude but should change its sign. 

In Fig. 4, plots of (20)?/Vtp versus ty, are presented for Stag 
V pig liver esterase, Fraction BB, and papain. The plots show 
no consistent trends; the two esterase samples appear to be no 
more heterogeneous than the papain. In the BB run, the slope 
of the plot does not change sign upon reversal of the current. 
Furthermore, the apparent slopes displayed by the Stage V data 
and by the BB data are of different signs; this would be impossi- 
ble if each sample (Stage V and Fraction BB) consisted of a 
mixture of the same two (or more) proteins. 

Therefore, it can be concluded that the boundary spreading 
of the esterase samples can be accounted for, within experi- 
mental scatter, by diffusion alone, and that the Stage M prepara- 
tion is homogeneous by the criterion of analytical eleetrophore- 
sis. 
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Fic. 4. Electrophoretic boundary spreading. . Papain, a8. 
cending arm; Q, papain, descending arm; @, esterase Stage V 
preparation, ascending arm; O, esterase Stage V preparation, de- 
scending arm; A, chromatographic Fraction BB, ascending arm, 
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Since the Stage V pig liver esterase preparation has a uniform 
molecular weight (as shown by ultracentrifugation) and a uni- 
form charge (as evidenced by electrophoresis), and yields only 
one protein component upon DEAE-cellulose fractionation, the 
conclusion can be drawn that the preparation contains only one 
protein: a single, active esterase. 


Effect of Purification upon Kinetics 

The kinetic behavior of various preparations of pig liver ester- 
ase toward the substrate, methyl n-butyrate, at pH 8 is presented 
in Fig. 5 in the form of Lineweaver-Burk plots. The nonlinear 
plots indicate that the data deviate from the Michaelis-Menten 
equation. One a priori possible explanation for the kinetics ob- 
served with the Stage IV preparation (identified by @) is that 
this heterogeneous preparation may contain a mixture of ester- 
ases, each capable of hydrolyzing methyl butyrate. 

The chromatographically fractionated esterase preparations, 
Stage V and Fraction BB, have been shown to contain only one 
protein and, hence, only one esterase. The Lineweaver-Burk 
plots obtained for these preparations are seen to be identical 
with the Stage IV results. 

Therefore, the catalytic behavior of the Stage IV preparation 
can be totally accounted for by the presence of the same single 
esterase which constitutes the Stage V preparation. The fact 
that the kinetic properties of pig liver esterase were completely 
unchanged by DEAE-cellulose fractionation shows that there 
is no second esterase in the Stage IV sample. 

A mixture of enzymes cannot be invoked as an explanation 
for the nonlinearity of the Lineweaver-Burk plot produced by 
pig liver esterase; other explanations will have to be sought. 

A kinetic study was made of chromatographic Fraction C 
(refer to Fig. 3a), which contained some esterase activity. Since 
the Lineweaver-Burk plot for Fraction C is identical with that 
for Fraction B, it can be concluded that the esterase activity of 
Fraction C is not caused by a second esterase. Instead, this 
activity can be accounted for as being a result of contamination 
of the fraction by the single active esterase, protein Component 
B’, the same esterase which is responsible for the enzymatic 
activity of Fractions B and BB. Thus, chromatographie Com- 
ponent C’ is seen to be merely an inert protein, like Component 
A. 

After electrophoresis of the Stage III preparation (Fig. 2a) 
at pH 7.02 and at pH 7.94, samples of the fastest component 
and of the mixture of the two slow components in each electro- 
phoresis were collected with a syringe. In each case the fast 
fraction contained the bulk of the enzymatic activity. Kinetic 
studies were made of each electrophoretic fraction in order to 
determine whether the activity of the slow fractions was due to 
(a) the presence of a second esterase, or to (b) contamination of 
these fractions by the fast component. It was found that the 
kinetic behavior of both the fast and the slow fractions re- 
sponded identically to changes in pH (5 to 8) and in substrate 
concentration (3 to 44 mm), thus showing that case a (above) 
could account for the activity of the slow fractions. This work 
with the electrophoretic fractions confirms the previous conclu- 
sion that there is only one protein with esterase activity even in 
the crude pig liver esterase preparations. 


Some Physical and Chemical Properties of Pig Liver Esterase 
Tevelectric Point—The isoelectric point of pig liver esterase 
was calculated by means of data obtained from the electro- 


A. J. Adler and G. B. Kistiakowsky 


(uM/min-unit enzyme) 


* 
8 


o 
2 


— 


Fic. 5. Effect of chromatographic fractionation upon kinetics 
of pig liver esterase. @, Stage IV preparation; O, Stage V prepa- 
ration; QU, chromatographic Fraction BB; A, chromatographic 
Fraction C. All runs were performed with methyl n-butyrate 
at pH 8. 


phoreses of the Stage III preparation in phosphate buffer (Fig. 
2a). The average electrophoretic mobilities (in em“ volt Sec! 
* 10°) of the enzymatically active (electrophoretically fastest) 
component were: 1.2 at pH 6.12, 3.2 at pH 7.02, and 4.1 at pH 
7.94. The isoelectric point of the active esterase was found to 
be 5.0 + 0.5.3 

Molecular Weight—The molecular weight was estimated by 
the method of sedimentation velocity from the ultracentrifuge 
data collected for the Stage V preparation (Fig. le) at two differ- 
ent concentrations in water. Values of 8, were 5.54 S for the 
0.4% protein solution and 6.86 S for the 0.2% protein solution, 
from which s},,, was calculated to be approximately 8.8 8. 
Since almost all proteins which have 7 <s},.,<9 are known 
to have 1.5 x 10° < molecular weight < 2.0 x 10° (13), the 
molecular weight of pig liver esterase was estimated to be, most 
likely, somewhere in the range of 1.5 to 2.0 x 10°. 

Coenzymes and Metals—No dissociable coenzyme could be 
associated with pig liver esterase. Such a coenzyme would 
have been able to pass through dialysis casing, and yet there 
was no decrease in the enzymatic activity of pig liver esterase 
after exhaustive dialysis against water. Furthermore, electro- 
phoresis failed to produce any rapidly moving component which 
could be identified with a prosthetic group. This evidence 
refutes the claims of Ruffo (14) and of Rozengart et al. (1) that 
a dissociable coenzyme might be required for the activity of the 
enzyme. 

The possibility that pig liver esterase might contain a non- 
dissociable metal was eliminated by the results of spectrographic 
analysis“ of the enzyme for trace amounts of Ca, Zn, Mg, Mn, 
Co, Fe, and Cu, the only metals which have ever been found 
associated with any enzymes (15). The analysis showed that 
none of these metals was present in concentration comparable 
to that of the esterase. Thus, pig liver esterase is an enzyme 
consisting purely of protein. 

From data in references (2) and (3) the isoelectric point of 
horse liver esterase was calculated also to be approximately 5.0. 
Thus, the pig and horse liver esterases exhibit similar over-all 
polyelectrolyte behavior. 

The analysis was performed by Schwarzkopf Microanalytical 
Laboratory, Woodside, New York. 
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(5) 
Symbol stage of puriſica n 

A IV 0.51 
V IV 0.24 
* 

* IV 0.19 
0. 18 


* The 1/v scales for all series of data have been multiplied by 
suitable constants so that the plots for all the series are super- 
posable (within the scatter) at low [S] (0.12 to 0.59 mm). These 
plots then diverge at [8] > 0.59 mm. 

The 1/v scale for this series has been adjusted so that the data 
for it and for the two control series coincide at [IS] = 15mm. This 
plot then diverges from the plots for undenatured pig liver es- 
terase for all [S] < 15 mM. 


Fic. 6. Effect of partial heat denaturation upon kinetics of 
pig liver esterase. The curved line is reproduced from Fig. 5, and 
represents the data for undenatured enzyme (Stages IV and V). 


On Active Site—The rate of hydrolysis of 14.7 mm methyl 
n-butyrate at pH 7 catalyzed by 10 M pig liver esterase was 
reduced to approximately 1800 of the uninhibited rate by the 
presence of 10-7 M diisopropyl fluorophosphonate.? CMB did 
not affect the enzymatic rate under these conditions. The 
strong inhibitory effect of diisopropyl] fluorophosphonate but 
not of CMB suggests that a serine residue (16) but not a cyste- 
ine residue (12) is required for the catalytic activity of pig liver 
esterase. 


Effect of Partial Heat Denaturation upon Kinetics 


Samples of pig liver esterase from the Stage IV and Stage V 
preparations were heated at 67 + 1° for periods of time ranging 
from 10 to 35 minutes, during which time the samples lost con- 
siderable fractions of their enzymatic activity. The results of 
kinetic studies on these partially denatured samples are dis- 
played as Lineweaver-Burk plots in Fig. 6. 

Fig. 6 shows that, surprisingly, partial denaturation of pig 
liver esterase reduces the curvature of the plots. Quantitatively 
the results are erratic, but, in general, the more the enzyme is 
denatured, the more it approaches Michaelis-Menten behavior. 


The diisopropyl] fluorophosphonate was ¢ btained from Dr. I. 
B. Wilson at the College of Physicians and Surgeons, Columbia 
University. 
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The results cannot be explained by the assumption that the 
esterase preparations contain a mixture of enzymes, and that 
heat preferentially denatures one of them; the series of data 
symbolized by O shows that the monodispersed Stage V prepa. 
ration, containing only one esterase, changes its kinetics upon 
partial denaturation in the same manner as does its Stage IV 
counterpart, represented by ‘7. The explanation must be 
sought in the kinetic properties of the pig liver esterase molecule. 


DISCUSSION 


Deviations from Michaelis-Menten kinetics, as exemplified 
by the pig liver esterase-catalyzed hydrolysis of methyl n-buty. 
rate at pH 8, can be expected if the enzymatic reaction mecha. 
nism provides more than one parallel pathway for forming prod. 
uct from substrate, provided that the relative rates of these 
pathways change as the substrate concentration is varied. 
Several such mechanisms are: (a) the presence of two (or more) 
different enzymes acting as catalyst; (b) two (or more) nonidenti- 
cal active sites on the same enzyme molecule; (c) two (or more) 
identical but interacting active sites; (d) substrate activation; 
and (e) a “modifier” mechanism (17), with either a second type 
of substrate or an inhibitor acting as the modifier. 

Since the DEAE-cellulose-fractionated esterase preparation 
contains only one protein and still exhibits non-Michaelis-Men- 
ten kinetics, Mechanism a cannot be a valid explanation for the 
behavior of pig liver esterase. 

If the kinetic behavior is rooted in Mechanism e, then the 
modifier cannot be a dissociable coenzyme or metal. 

Pig liver esterase has the same type of catalytic site as does 
horse liver esterase (16), one which apparently involves serine. 
The pig and horse liver esterases display quite similar kinetic 
properties and deviations from Michaelis-Menten kinetics (9). 
Therefore, both esterases are probably species variants of what 
is fundamentally the same enzyme molecule. Work on insulin 
(18) has shown that the structure of that protein changes very 
little from one mammalian species to another. 

If there are, similarly, no gross differences between the liver 
esterases of the pig and of the horse, then the following two 
findings about the gross nature of the horse liver esterase mole- 
cule can be applied also to pig liver esterase: First, horse liver 
esterase (and thus pig liver esterase) has only one type of active 
site (16). This would exclude Mechanism bh. 

Second, the weight of enough molecules of horse liver esterase 
(and presumably of the pig enzyme also) to form 1 mole of ae- 
tive sites is (96 + 20) x 10 g (19). The molecular weight of 
pig liver esterase is probably approximately 150 to 200 x 106. 
From these data it cannot be determined whether pig liver ester- 
ase has only one or has two identical active sites per molecule. 
Therefore, Mechanism c cannot be excluded as a possible ex- 
planation for the observed kinetics. 

The change in kinetics displayed by pig liver esterase upon 
partial heat denaturation cannot be attributed to the preferen- 
tial destruction of one enzyme in a mixture; instead, the change 
probably reflects an alteration occurring in esterase molecules 
during the denaturation treatment. Fig. 6 shows that if the 
1/v scale of the Lineweaver-Burk plots is suitably adjusted for 
each set of experiments, then all the denaturation data can be 
made to coincide for low concentrations of substrate, whereas 
the plots cannot be made superposable at high [S]. This finding 
implies that there are some enzyme molecules which, because of 
the heating process, are retaining their ability to hydrolyze ester 
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ria the pathway predominating at low IS], while losing their 
“high [S]“ catalytic pathway.“ One part of the enzyme mole- 
cule undergoes change while another, perhaps more resistant, 
part remains intact during the partial denaturation process. 

If the deviation from Michaelis-Menten kinetics is due to sub- 
strate activation (Mechanism d), then during heating the activa- 
tion sites may be more prone to destruction than the catalytic 
sites, thus leaving some enzyme molecules with only their low 
SJ form intact. Or, if interacting active sites (Mechanism c) 
sre responsible for the kinetics, then a random destruction of 
active sites during heating would result in an increase in the 
ratio of the number of enzyme molecules able to act as catalysts 
for the low [S] pathway to the number able to catalyze the high 
SI pathway. Either mechanism (e or d) could thus account for 
the observed alteration in kinetics. 

SUMMARY 


A preparation of pig liver esterase has been obtained which 
appears homogeneous by the criteria of chromatography, ultra- 
centrifugation, analytical electrophoresis, and electrophoretic 
boundary spreading. The isoelectric point and molecular weight 
are approximately 5.0 and 1.5 to 2 x 105, respectively. The 
enzyme contains no metal and is inhibited by diisopropyl fluoro- 
phosphonate. The failure of the Michaelis-Menten equation to 
describe the kinetics of pig liver esterase-catalyzed hydrolysis 
of methyl n-butyrate at pH 8 cannot be attributed to the pres- 
ence of a mixture of enzymes. Partial heat denaturation alters 
the kinetics. The most likely enzymatic mechanism appears to 
be either substrate activation or the presence of two identical 
interacting catalytic sites. 

Acknowledgments—This work was supported by funds of the 
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If the heme iron atom in a hemoprotein is bonded to groups in 
the protein on both sides of the porphyrin ring, then complex 
formation with the various ligands, CO, NO, F-, CN-, N, ete., 
would entail breaking the weaker bond if the 6-fold coordination 
of the iron atom is to be preserved. Moreover, the proton af- 
finity of the group liberated would be an important factor in 
determining the pH variation of the equilibrium constants for 
complex formation. This aspect of hemoprotein reactivity has 
recently been discussed with reference to cytochrome c, peroxi- 
dase, and catalase, and the heme-linked ionizing groups in hemo- 


globin (1-3). 
Several functional groups in amino acid side chains might be 


capable of forming an intramolecular complex of this kind. 
There is ample evidence that in cytochrome e, nitrogenous base 
groups are bonded to the iron on both sides of the porphyrin 


ring in the ferrous and in the ferric oxidation states (4-6), In 


hemoglobin and myoglobin, on the other hand, all the evidence 


points to there being only one iron-protein bond (3). However, 
ferrihemoglobin and ferrimyoglobin are known to form complexes 
with simple aliphatic carboxylic acids, with ethanol, and with 
hydrogen sulfide and ethyl mereaptan (7-10). Hence, in gen- 
eral, for the ferric oxidation state, bonding of the heme iron in 
an intramolecular complex via carboxyl, ethanolic hydroxyl, or 
sulfhydryl groups in the side chains is clearly a possibility. 

In this paper, the formation of a complex between ferrimyo- 
globin and phenol is described; therefore, the phenolic hydroxy] 
group can be added to the above list. A preliminary report was 
published recently (11), and in a subsequent paper the cor- 
responding reactions with substituted phenols will be reported. 


EXPERIMENTAL PROCEDURE 


Preparation of Ferrimyoglobin—Ferrimyoglobin was prepared 
from horse hearts according to the procedure of George and 
Hanania (12). Concentrations of ferrimyoglobin were calcu- 
lated from optical density measurements on the acidic form at 
503 mu, for which the molar extinction coefficient is 9.2 x 10. 

Buffer Solutions—Borate buffers of ionic strength 0.12 were 
used in experiments in the pH range 8.7 to 10.2. Constant 
ionic strength was obtained by addition of sodium chloride to 
the appropriate mixtures of boric acid and sodium hydroxide 
solution. The measurements at pH 8.4 and pH 10.9 were made 
in pyrophosphate and phosphate buffers, respectively. 


* The work reported above forms part of a research program 
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t Present address, University College of Ibadan, Ibadan, Ni- 
geria. 


Phenol—Phenol crystals were distilled twice, and the fraction 
boiling at 180-182° was used. A stock 1 M solution was made 
up before each series of experiments, and the volume required 
for each run was titrated to within +0.01 pH unit of the ap. 
propriate pH immediately before a run. 

pH Measurement—pH measurements were made with a Beck. 
man model G pH meter. The solution was contained in a jack. 
eted vessel through which water was passed from a constant 
temperature bath. The use of this special vessel required that 
the door of the electrode compartinent be open, and, to eliminate 
the electronic instability which resulted, the measurements wer 
made with the meter and the operator inside a grounded Faraday 


cage. 
Spectrophotometric Measurements—All spectrophotometrie 


measurements were made with a Beckman model DU spectro. 
photometer, The temperature inside the cuvette before and 


after an experiment, and in the pH meter vessel, was measured 


by means of a thermistor probe thermometer. The maximal 
change in the temperature during an experiment was 0.5°. 


RESULTS 


Initial experiments indicated that in the pH range 8 to 10 
spectral changes occur, characteristic of complex formation, 
when phenol of concentrations between 109 and 10 M is added 
to a solution of ferrimyoglobin. It was found that addition of 
phenol in concentrations above about 5 X 10-* M resulted in 
partial denaturation of the protein as indicated by slight tur- 
bidity of the solution. However, with concentrations below 
2 X 10°? X, on the addition of excess sodium azide or sodium 
cyanide spectra characteristic of complete formation of the 
azide and cyanide complexes of ferrimyoglobin were obtained, 
thus showing that a reversible reaction with phenol can be 
studied. 

The procedure finally adopted for the measurement of equi- 
librium constants for the formation of the phenol complex - 
illustrated by the following description of a typical run. 

Stock ferrimyoglobin solution, 1 ml, was added to 2 ml of 
buffer solution (ionic strength, 0.18) in a cuvette and allowed to 
come to thermal equilibrium in the thermostated cell compart- 
ment of the spectrophotometer. The final concentration 
ferrimyoglobin was 6.5 X 10-5 m. Of a 1 m phenol solution, 
0.4 ml. was titrated to a pH equal to that of the buffer at the 
temperature of the buffer. An Agla microsyringe was 
with this solution and clamped above the cell compartment of 
the spectrophotometer. The initial optical density at 618 mp 
was noted, and 0.1 ml, of phenol solution was added to the cuvette 
from the microsyringe. After mixing and waiting for 30 seconds 
to ensure completion of the reaction, we again noted the optical 
density. Successive additions of phenol solution were made in 
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the same manner until the concentration of phenol was about 
5x 10 u. With this procedure, it was impossible to keep the 
ionic strength exactly constant throughout a run, but the over- 
all change in ionic strength, even at pH 10.0, was negligible in 
comparison to the ionic strength of the buffers used, i.e. 0.12. 
To obtain the optical density at each phenol concentration 
corresponding to a ferrimyoglobin concentration equal to the 
initial concentration, the observed optical densities were multi- 
plied by the factor (3 + v)/3 in which v was the volume of 
phenol solution added. In Fig. 1, a typical series of corrected 


* density readings is plotted against the phenol concentra- 


The optical density corresponding to 100% formation of the 
phenol complex could not be measured because of the onset of 
denaturation, so the following general method was employed to 
calculate the equilibrium constants. Let the formation of a 
complex between a metal ion species M and ligand X be repre- 


M+X=MX 
Im] [mz] (1) 


in which [mz] is the equilibrium concentration of the complex, 
and Im] and [r] are the total equilibrium concentrations of the 
free metal ion species and the ligand, irrespective of any ioniza- 
tion reactions they may also undergo. An “observed” equi- 
librium constant, K b., can then be defined by the expression, 


X [a] 


Now in a titration of a given concentration of the metal ion 
species with the ligand, under conditions of constant volume, let 
the initial and the final optical density for 100% formation be 
represented by Do and D., respectively. For reactions where 
De > Do, it then follows that at an intermediate concentration 
of the ligand, for which the optical density of the solution is D, 
the fraction of M bound in the complex is (D — Do)/(D, — Do). 
The fraction of free M is thus 


1 (D — / D. — Do) = OD. / D. — Do) 


The ratio of these fractions is the same as the ratio of the con- 
centrations of MX and M, respectively, and so the expression 
for Keb becomes, 


Kove = (2) 


Ko . Do X fal 


ie. 
(D — Do) 
(D. - D) Xx Iz] 


When D, cannot be observed directly, both D, and Kb can be 
determined in the following way. (D — Dp) is the increment in 
optical density corresponding to the equilibrium concentration 
kr of the ligand, denoted by d, and substitution in Equation 3 
gives 


Kove = 


(3) 


d 


Ko 5. — D) X lal 


(4) 


d/|z) = R.. — K. be D 
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Hence, in a plot of d/[z] versus D, the slope is -K.., and the 
intercept K. b., from which D, can be calculated. 

In all the present experiments, the concentration of ferrimyo- 
globin was about 5 x 10-5 M and the lowest phenol concentration 
was about 1 X 10 M, so the amount of phenol in the complex 
was negligible compared to the unbound phenol. In the calcula- 
tions, the equilibrium concentration of the phenol [z] has thus 
been equated to the total concentration, I.. 

A typical plot of d/{z,] versus D for the data in Fig. 1 is given 
in Fig. 2. The linearity of the plot is a confirmation that the 
stoichiometry of the reaction responsible for the observed optical 
density changes involves the combination of 1 mole of phenol 
per mole ferrimyoglobin in accord with Equation 1. 

pH Variation of K.. Values of K.», at various pH values 
are listed in Table I, and the variation of ebe with pH at 10° 
is shown in Fig. 3. The limits of error in K .,, have been esti- 


Fic. 1. Increase in optical density at 618 my of a ferrimyoglobin 
solution of pH 9.47 brought about by the addition of phenol. The 
optical densities have been corrected for slight volume changes. 


2 
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Fic. 2. Plot of d/ lx. — optical density for the —— 
1. For an explanation of the symbols, see — and the 


(5) following text. 
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TABLE I 
Equilibrium constant data for reaction of ferrimyoglobin with phenol 


Temperature pH Kobs Kreoo | Mean of Kreoe 
4.4 + 0.2° 8.49 3.5 & 0.8 249 
8.76 12.3 & 0.8 457 
9.10 25.4 & 1.8 598 
9.43 37.7 & 2.3 658 
9.60 42.8 & 1.3 745 
9.81 41.5 & 0.8 800 
10.01 31.2 & 1.4 388 
10.21 28.1 & 1.7 624 | 668 + 84 
9.9 + 0.2° 8.90 27.5 4 1.6 735 
9.08 33.1 & 1.7 720 
9.15 41.2 & 4.3 829 
9.23 41.9 & 2.5 790 
9.34 46.0 & 3.5 933 
9.47 46.0 & 3.2 767 
9.72 40.6 & 2.7 672 
9.86 39.2 & 4.6 683 
10.06 38.8 4 “ 770 767 + 76 
15.5 + 0.2° 9.01 | 26.0 + 0 557 
9.33 34.4 & 0.8 387 
9.47 36.8 & 1.4 615 
9.89 35.0 4 190 675 | 609 + 44 
20.0 + 0.2 9.35 41.8 & 1.2 685 
9.62 42.9 & 1.6 724 
9.75 24.1 & 0.6 617 
9.92 33.8 & 1.6 692 | 655 & 46 
24.9 + 0.2° 9.21 |26.140.9 446 
9.36 39.4 & 2.5 650 
9.58 35.8 & 0.8 616 
9.78 34.5 & 1.5 675 596 + 85 


mated from the uncertainty in the slope of the plot of d/{z,] 
versus optical density. K obs increases to a maximum at about 
pH 9.6 and then decreases. The simplest explanation of this 
behavior is as follows. Phenol ionizes with a pK of about 10, 


0H = O + H“, Koon (6) 


and in ferrimyoglobin the water molecule coordinated in position 
6 of the octahedral complex (3, 13, 14) ionizes with a pK of 
about 9 (12) 


Fe“ (HO) = FeOH + H“, Kr., 7 


Hence, if the fundamental reaction involved in the formation of 
the complex is the replacement of the water molecule by the 
phenolate anion, 60, i. e. 


Fe“ (H. O) + = FeO¢ + H- 8) 


a pH optimum should be observed, since an increase in pH in- 
creases the fraction of phenol present as ¢O- whereas beyond a 
certain value it decreases the fraction of ferrimyoglobin present 
as Fe“ (HO). The maximal value of K., should occur at a pH 
equal to 3[pKyon + -n: oh, i. e. at about pH 9.5. The 


bonding of the phenolate ion in the complex would be in keeping 
with the bonding of F-, CN-, ete., in the generally accepted 
structures for the fluoride and cyanide complexes (15, 16), 

Further confirmation of this hypothesis is afforded by the fg}. 
lowing analysis of the entire pH variation of Kove. With the 
total equilibrium concentrations of phenol and ferrimyoglobin 
denoted by [z,] and Im], respectively, it follows from the ioniza. 
tion equilibria in Equations 6 and 7 that 


Keon 
Keon + IH“ 


= [x] x 


Kye* (Ho) + (H*] 
The equilibrium constant, Kr. os, for the formation of the com. 
plex according to Equation 8, is given by 
FeO 


Hence, Kobe, as defined by Equation 2, is related to Kr. os by 
the expression 


[Fe“ H,O] = [m] X (10) 


(11) 


(Kren + [H*])(Keon + 


Kreos = Kb. X KeonlH*] 
This may be rearranged to give 
H+ 
Kev. (Kre- + [H*])(Keon + (H*)) = X [H*] (3 


K. on 


Rr. (n: and Ko are known, and a plot of the left side of this 
equation against [H] should pass through the origin and haves 
slope of Kr. o. Fig. 4 illustrates the plot for the data in Fig. 3 
The linearity substantiates the underlying hypothesis, namely, 
that the phenolate ion is bonded in the complex. Values of 
Kr. os calculated from K obs, Kr. (uz o), and Kyou at several 
temperatures and for various hydrogen ion concentrations ar 
given in Table I, the values for Kr. (n: o being taken from 


50 


Fic. 3. pH variation of the observed equilibrium constant 1 
9.9 for the formation of the complex between ferrimyoglobin and 
phenol. The limits of error in Kev, are estimated from the un. 
certainty in the slope of the line obtained when the data are plotted 
as in Fig. 2. ——, theoretical curve for the following values of the 
constants: Kreo = 770 Kr. = 7.4 X M and Kyou * 
8 X M. 
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Fic. 4. Plot of the function 


+ (K. on + H/K. on 
against IH “] for the data in Fig. 3. 


George and Hanania (12) and those for Kyou from Biggs (17) 
and Cohn and Edsall (18). 

The average value for 10° has been used to calculate the curve 
in Fig. 3, where it can be seen that the points in the region of pH 
9.6 to 9.9 are lower than would be expected on the basis of the 
calculated curve. This minor discrepancy also appears in the 
plot in Fig. 4. These low values were consistently obtained 
in our experiments, and no explanation can be offered. The 
inclusion of a heme- linked“ ionization will not suffice, since this 
would have a perceptible effect over at least 2 pH units and give 
rise to a considerable change in the shape of the calculated curve. 
Furthermore, other studies on the equilibrium formation of the 
cyanide complex of ferrimyoglobin show no indication of a heme- 
linked ionization in this region (19). On the assumption that 
AH is constant over the small temperature range of the experi- 
ments, a value can be calculated from the Van’t Hoff isochore 
by plotting log Kr. oo versus 1/T giving AH = 2.1 + 0.7 
keal per mole. The variation of K... with ionic strength could 
not be investigated because of the high concentrations of phenol 
(and hence the phenolate ion) that are required. However, judg- 
ing from the slight ionic strength variation obtained for the ion- 
ization of the coordinated water molecule (12), the assumption 
that the experimental value of Kr. os is identical to the thermo- 
dynamic value at zero ionic strength will not give rise to an 
error greater than 0.2 kcal per mole in AF. On this assumption, 
the entropy change accompanying the formation of the pheno- 
late complex can be calculated as follows: AF° = —2.303 RT 
In Kro = —3.8 + 0.1 kcal per mole at 25°, and 


4H — AF° 


AS° = 7 


= +57 & 2.5 e. u. 

As stated above, the spectrum of the phenol complex cannot 
be obtained directly because denaturation sets in. But it can 
be calculated from optical density measurements at various wave 
lengths for a known phenol concentration at constant pH by the 
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Fic. 5. Comparison of the spectra in the visible and in the Soret 
region for the phenolate (——) and fluoride (- - - -) complexes of 
ferrimyoglobin. Soret spectra are reduced by a factor of 10. 


following equation, obtained by rearranging Equation 5, 
D. = D + d/[z:) X Kove (14) 


The spectrum thus calculated is shown in Fig. 5, together with 
that of the fluoride complex for comparison. 


DISCUSSION 


The pH variation of K .o for the formation of the complex with 
phenol passes through a maximum like that for the cyanide com- 
plex (19). The pK values of phenol and HCN are very similar 
in magnitude, and, as the detailed analysis has shown, the re- 
sults can be satisfactorily accounted for by the bonding of the 
phenolate ion to the iron atom, analogous to the bonding of 
CN, F-, and OH- in the cyanide, fluoride, and hydroxide com- 
plexes (15, 16). Likewise, bonding of C.HsO- would be antici- 
pated in an ethanol complex, but, from the scanty data available 
on its reaction with ferrihemoglobin (8), it has been suggested 
that in alkaline solution the compound has the structure FeOH - 
(C: H. OH). In exploratory studies of the reactions of both etha- 
nol and methanol with ferrimyoglobin, we found evidence of 
denaturation at all alcohol concentrations sufficient to give some 
complex formation. However, the spectroscopic characteristics 
were very similar to those of the phenolate complex illustrated 
in Fig. 5, so the structure of the alcohol complexes would still 
seem to be an open question. 

Since the phenolate ion is so much larger than the ligands 
which are customarily studied in their combination with hemo- 
proteins, it is of interest to examine the stereochemical implica- 
tions. There are two aspects, first the bonding to the heme iron 
atom, and second the steric relationship of the bonded group to 
the environment of the heme in the hemoprotein structure. 

Kendrew et al. (14) found that in acidic ferrimyoglobin, the 
bond distance between the iron atom and the oxygen of the co- 
ordinated water molecule is normal. When data are considered 
for other coordination compounds, an Fe—O bond distance of 
1.9 to 2.1 A would be anticipated for the phenolate complex,' 
and an Fe—O—C bond angle between 110° and 125° in keeping 


wz (11), this was incorrectly stated to be 1.2 
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with the values found for the corresponding angle in ethers and 
esters. However, from molecular models constructed according 
to the Courtauld design, it was found that the Van der Waals 
radii at the periphery of the porphyrin ring were of such a mag- 
nitude that steric hindrance occurred and the Fe—O—C linkage 
could not be made. An appreciable decrease in the Van der 
Waals radius of about 0.3 A from the values adopted for the 
models, or an increase in the Fe—O bond length to 2.5 to 2.9 A, 
or an increase in the Fe—O—C bond angle to about 130°, or 
some compromise between these extremes would be required. 
It was apparent too that substituents in the ortho position with 
respect to the phenolic oxygen would participate in Van der 
Waals interactions with the porphyrin ring to a greater extent 
than meta- or para- substituents, an effect that might well be 
significant in complex formation with substituted phenols. 

With regard to the structural environment of the heme in 
ferrimyoglobin the x-ray data (14) show it to be held almost 
perpendicular to the protein surface in a fairly narrow crevice. 
The iron is attached to the polypeptide chain via a histidine 
residue on one side of the porphyrin ring, but on the opposite 
side other residues are not quite near enough for bonding to 
occur and the remaining coordination position is occupied by a 
water molecule as described above. In dilute aqueous solution, 
it may be presumed that the crevice conformation stays intact, 
although it should be noted that the ferrimyoglobin crystals used 
in the x-ray measurements were formed in solutions containing 
very high concentrations of ammonium sulfate. On comparison 
of complex formation by small ions such as F-, OH-, and CN- 
with a large ion such as @O-, the small ions might be expected 
to cause over-all a relatively slight disruption of any solvent 
water present in the crevice, whereas the introduction of the 
large phenolate ion, the length of which is comparable to the 
width of the crevice, might be expected to displace several water 
molecules, and perhaps, in addition, cause the crevice to open 
out. Both kinds of effect could result in a more positive entropy 
change. 

A comparison of the entropy data can be made in terms of the 
increment between the partial molal entropies of the complex and 
the parent ferrimyoglobin, i.e. Sfex — Sfe+ no, a8 in a previous 
paper in which the values for the F-, OH-, and CN- complexes 
were compared with those for many ion-pair complexes of the 
aquoferric ion (16). The value of Sfeog Sf. nzo can be 
obtained in the following way. The partial molal entropy of 
phenol in water has been calculated by Cobble (20) from entropy 
of solution data to be 42.6 e.u. The entropy of ionization of 
phenol at 25°, calculated from the data of Biggs (17) and Cohn 
and Edsall (18) is —27.2 e.u. From the chemical equation for 
the ionization, it follows that 


A8, on = S. o- + Sat — S, on 


So, putting Sa . = 0 in accord with the customary convention, 
So- has the value +15.4 e. u. The entropy change for the 
formation of the phenolate complex in Equation 8 is given by, 


o. - Sreo. Sr. S. o- 


Hence, with use of the experimentally determined value of +5.7 
eu. for ASfe0g, Steog = +21.1 e. u., which is to be 
compared with the corresponding values of —5.1, —0.5, and 
+4.2 e.u. for the fluoride, hydroxide, and cyanide complexes, 
respectively. This increment in partial molal entropy for the 
phenolate complex is so much more positive that there seems lit- 
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tle doubt that other factors, possibly those envisaged above, are 
concerned in the reaction. 

In contrast to the large difference in entropy increments, the 
values of AH for the fluoride and phenolate complexes are very 
similar in magnitude, namely —2.5 and —2.1 kcal per mole, 
respectively (16). The absorption spectra are also very much 
alike as shown in Fig. 5. Now for ferrihemoprotein complexes 
in general rough correlations have been established between 
spectral type and heats of complex formation on the one hand, 
and between spectral type and magnetic susceptibility on the 
other (21, 22). Hence, by analogy with the fluoride complex, on 
both counts the phenolate complex should have a high suscepti. 
bility value of about 14,000 x 10-* c.g.s. units. Experiments 
are in progress to test this prediction. 

Finally, as to the broader implications of this study set out ip 
the introduction, the demonstration that the phenolate jon 
forms a complex with ferrimyoglobin raises as a definite possi. 
bility the bonding of the phenolic oxygen of tyrosine at the sixth 
coordination position in some ferrihemoproteins. Two cases 
will be discussed very briefly. 

First, the remarkable properties of the Boston type of hemo- 
globin M which gives rise to a rare form of methemoglobinemia 
could in part be ascribed to this structural feature. The absorp. 
tion spectrum of the acidic ferric form of this abnormal hemo- 
globin has certain points in common with the phenol complex of 
ferrimyoglobin; and the way in which two of the four hemes per 
molecule react slowly, if at all, which is so like the action of 
cytochrome c, strongly suggests intramolecular bonding of some 
kind. 

Secondly, the replacement of a negatively charged tyrosine 
residue instead of a coordinated water molecule could account for 
the anomalous pH variation of the equilibrium constants for the 
formation of the complexes of horseradish peroxidase with 
fluoride, cyanide, etc. (1). Below about pH 10, hydrogen ion 
would combine to give the unionized tyrosine residue, and the 
effect of this would be superimposed on the usual pH dependence 
associated with the ionization of the ligand species. In this 
connection, it may be noted that the inactivation of horseradish 
peroxidase by hydrogen peroxide, which is presumably an oxida- 
tive degradation reaction, is inhibited by donors such as phenols, 
This inactivation could be the result of an irreversible oxidation 
of the tyrosine group: as a consequence, inactivated peroxidase 
would be expected to show normal pH effects in its combination 
with ligands. Although certain features of its reactivity could 
thus be accounted for, the spectrum of acidic ferriperoxidase 
does not, however, conform to that of the ferrimyoglobin pheno- 
late complex. Moreover, there is no similarity between the 
reactions of the hemoglobin M and peroxidase with hydrogen 
peroxide. 

Nevertheless these two cases, which present features shared by 
other varieties of hemoglobin M and by catalase, respectively, 
serve to emphasize that besides cytochrome c there are other 
types of ferrihemoprotein which either have physical properties 
significantly different from those of ferrihemoglobin and fert- 
myoglobin, or exhibit chemical reactivity that cannot be ex 
plained in the same way on the basis of the “hydrate” structure, 
protein-Fet-H,0. 


SUMMARY 


It has been demonstrated that ferrimyoglobin reacts with 
phenol to form a complex with a spectrum similar to that of the 
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complex formed with fluoride ion. The pH dependence of the 
observed stability constant for the complex has been satisfacto- 
rly accounted for on the assumption that it is the phenolate ion 
that is bound to the iron atom. 
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In recent studies (1-4) on the biosynthesis of valine and 
isoleucine, two enzymes that catalyze the formation of the 
a,8-dihydroxy acid precursors of the amino acids have been 
described. The reactions involved are depicted in Fig. 1. 
These enzymes have been termed the a-hydroxy-B-keto acid 
reductoisomerase and the a- keto--hydroxy acid reductase (3). 
The reductoisomerase catalyzes a single step conversion of the 
a-hydroxy-8-keto acid precursors into the corresponding q, GB- 
dihydroxy acids; this reaction involves both isomerization and 
reduction of the substrate. The reductase, however, catalyzes 
only the reduction of the a-keto-6-hydroxy acids. Recent 
evidence (1, 3, 5) suggests that the reductoisomerase is the en- 
zyme concerned directly with the biosynthesis of valine and 
isoleucine. Because of this conclusion, certain questions have 
been raised concerning the nature of the reductase and its possible 
relationship to the reductoisomerase. These points have been 
discussed in previous communications (3, 5). ys Sree 

Armstrong and Wagner (1) have shown recently that the 
reductase is probably an altered form of the reductoisomerase. 
Starch gel electrophoresis has proved to be a valuable aid in 
the further study of the reductoisomerase and reductase activi- 
ties of Salmonella typhimurium. The results of such studies 
are presented here in an attempt to clarify the nature of the 
reductase activities observed and their relationship to the 
reductoisomerase. 


EXPERIMENTAL PROCEDURE 


a-Acetolactate, a-aceto-a-hydroxybutyrate, their ethy] esters, 
and a-keto-8-hydroxyisovalerate were prepared as previously 
described (2, 6). Hydroxypyruvate was prepared by the hy- 
drolysis of bromopyruvate! with 2.5 n NaOH, and the hydrolysis 
mixture was used, as such, in the assays. Acetylmethylcarbinol 
(the decarboxylation product of a-acetolactate) was obtained 
by incubation of a 0.1 m solution of a-acetolactate, adjusted to 
pH 2 with 2.5 N HCl, for 4 to 5 hours at 37°, followed by neu- 
tralization with 2.5 N NaOH. The resulting solution was used 
as the substrate. Acetylethylcarbinol (the decarboxylation 
product of a-aceto-a-hydroxybutyrate) was similarly obtained 
from a-aceto-a-hydroxybutyrate. All of the substrates, with 


This investigation was supported by Research Grant RG- 
6492 and Traineeship Grant 2G-337 from the National Institutes 
of Health, United States Public Health Service. For Paper IV 
of this series, see (1). 

1 Kindly supplied by Dr. Beverly Guirard, University of Cali- 
fornia, Berkeley, California. | 


the exception of hydroxypyruvate, were used as racemic mix- 
tures. 

The commercial products utilized were: TPNH-Sigma type 
II, Sigma Chemical Company; DPNH, Pabst Laboratories; and 
Starch-Hydrolyzed, Connaught Medical Research Laboratories, 

The preparation of the cell-free extracts and the purification of 
the reductoisomerase (free of reductase activity) from S. ty- 
phimurium have been described elsewhere (1). The cell-free 
extracts (16 mg of protein per ml) were dialyzed overnight at 
4° against 100 volumes of 5 mu potassium phosphate buffer, 
pH 7.5, containing 0.2 mm MgSo, and 1.1 mm g- mercaptoethanol. 
The preparations of purified reductoisomerase (purified 80- to 
100-fold) were concentrated with Carbowax? (7) to 0.3 mg of 
protein per ml, then dialyzed for 3 hours at 4° against the buffer 
system described above. 

The spectrophotometric assays for reductoisomerase and 
reductase activities were described in a previous publication (1). 

Starch Gel Electrophoresis—The vertical starch gel electrophore- 
sis procedure described by Smithies (8) was used in these studies. 
The gel was prepared with 0.025 m borate buffer, pH 8.1, con- 
taining 1 mm MgSO, and I m B- mercaptoethanol; the bridge 
solution was 0.25 m borate buffer, pH 8.1, containing the same 
addenda as the buffer used for the gel. Electrophoresis was 
carried out with a Spinco Duostat at 4° at a constant voltage 
of 180 volts for 15 to 16 hours. 

Assay for Reductoisomerase and Reductase Activities on Gel— 
After electrophoresis, the gel was sliced lengthwise, usually into 
four sections. The necessary amount of the desired reaction 
mixture (described below) was spread over the surface of each 
section, and the sections were then reassembled and kept a. 
room temperature (24°). The gel was illuminated with a long 
wave ultraviolet light (Mineralight). When observed under 360 
mu illumination, the surface of the gel displayed a fluorescent 
background (due to the presence of TPNH in the reaction 
mixtures). Dark bands appeared against the bright background 
owing to the disappearance of the fluorescence wherever TPNH 
was oxidized to TPN (reductoisomerase and reductase reactions) 
on the surface of the gel. The gel was photographed under | 
360 mz of illumination with Kodak Contrast Process Panchro- 
matic Film in a Graflex camera fitted with a green Wratten X 12 ; 
filter at 30, 60, and 90 minutes (and occasionally at 15 minutes 1 
after application of the reaction mixtures. The resulting . 
graphs served as a permanent record. 


tl 
2 Trade name for polyethylene glycol compound 20-M Wniotsg 
Carbide Chemicals Company). | 
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Fic. 1. Biosynthesis of valine and isoleucine; reactions involv- 
ing the production of a,8-dihydroxy acids. H. (H, valine bio- 
synthesis; CH2CH;, isoleucine biosynthesis. 


The reaction mixture for the reductoisomerase assay con- 
tained 30 mu a-aceto-a-hydroxybutyrate or a-acetolactate, 
10 mu MgSO, 4 mu TPNH, and 0.1 u potassium phosphate 
buffer, pH 7.5, in a total volume of 0.5 ml. An identical mix- 
ture was used for the reductase assay except that the Mg** was 
omitted and a substrate suitable for the reductase assay system 
(a-keto-8-hydroxyisovalerate, hydroxypyruvate, ethyl esters of 
a-aceto-a-hydroxybutyrate and a-acetolactate, or carbinols 
derived from the a-hydroxy-8-keto acids) was used. An assay 
mixture without a reducible substrate but with TPNH was used 
in the control experiments. 


RESULTS 
Spectrophotometric Assays—When cell-free extracts of Sal- 
monella were assayed for reductoisomerase activity, a-aceto-a- 
hydroxybutyrate and a-acetolactate, the precursors of isoleucine 
and valine, respectively, were shown to be active as substrates 


| under 360 
fluorescent 
reaction 
ac 


reactions 


yhed under 


(Table I). As previously reported (1), a@-aceto-a-hydroxy- 
butyrate displayed a greater activity than a-acetolactate. With 
the reductase assay, a variety of substrates displayed activity 


with the cell-free extracts (Table I). a-Keto-8-hydroxyiso- 
- valerate and hydroxypyruvate had previously been reported as 


substrates for reductase preparations of Escherichia coli and 
Neurospora crassa (3). Reductase activity was also detected 
with the ethyl esters of a-aceto-a-hydroxybutyrate, a-acetolac- 
tate, and the carbinols derived from these a-hydroxy-8-keto 
acids; acetylethylearbinol exhibited a weak activity as a sub- 
strate. When a preparation of purified reductoisomerase was 
assayed with several of these substrates (Table I), only a-aceto- 
a-hydroxybutyrate showed activity (a- acetolactate is also active 


ver TPNH * has been previously reported (1)); no reductase activity was 
) detected. DPNH could not replace TPNH in the assays shown 


in Table I; however, a partial replacement was detected in 


s Panchro- era of the reductase assays (substrates, hydroxypyruvate, 
ratten Xl and the ethy] esters of a-aceto-a-hydroxybutyrate and q- aceto- 


15 minutes 
ting 


lactate) of cell-free preparations stored at —5° for a week or 
longer. 
Starch Gel Electrophoresis—The photograph in Fig. 2 shows 


4 starch gel after electrophoresis of a cell-free extract. The 


tie results of the enzymatic assays carried out on the surface of 
D- M (Unie 


| 


F. B. Armstrong and R. P. Wagner, unpublished results. 
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summation of the results obtained with starch gel electrophoresis, 
with use of both cell-free extracts and purified preparations of 
reductoisomerase, is presented in Fig. 3. In both figures, the 
solid black spots represent bands where fluorescence began to 
disappear 5 to 10 minutes after the application of the reaction 
mixture to the gel and are referred to as the major bands.” 
The enclosed diagonal lines represent bands where the fluorescence 
disappeared after 30 to 40 minutes of incubation, and the unen- 
closed diagonal lines (Fig. 2) represent bands that were faintly 
visible after 60 minutes of the incubation. 

When cell-free extracts were subjected to electrophoresis on a 
starch gel and the gel was assayed for regions of reductoisomerase 
activity with a-aceto-a-hvdroxybutyrate and a-acetolactate, one 
major band (Band I) was consistently detected approximately 3 
em from the origin (Figs. 2 and 3). As seen in Fig. 2, two faint 
bands appeared above the major band (seeming to overlap the 
positions of Bands II and III observed in the reductase assay). 
Such faint bands were not considered significant inasmuch as 
they appeared very slowly in the assay shown and were usually 
not observed in other assays. When gels were assayed for 
reductase activity, the six compounds that served as substrates 
for the reductase in the spectrophotometric assays were tested. 
As shown in Figs. 2 and 3, three distinct bands could be de- 
tected. In the case of a-keto-8-hydroxyisovalerate (possible 
intermediate in the biosynthesis of valine), two major bands of 
activity were consistently observed, and a third band would 
occasionally appear. The band showing the least migration 
from the origin overlapped the reductoisomerase band (Band 
I), and it was labeled I-A. The other bands, labeled II and III, 
moved approximately 5 and 4 em from the origin, respectively. 
The utilization of hydroxypyruvate as a substrate resulted in 
the appearance of two major bands (II and IID), and although 
repeated assays showed that Band I-A occasionally appeared as 


TaBLe I 


Various substrates assayed for activity in reductoisomerase 
and reductase systems of Salmonella 


| Specific activity 


Assay system and substrate* | | anda. 
CTCelbfree tolsomerase 
extract preparation 
| (100-fold) 
I. Reductoisomerase | 
A. a-Aceto-a-hydroxybutyrate........ 0.185 19.8 
B. a-Acetolactate.................... 0.035 
II. Reductase | 
A. a-Keto-8-hydroxyisovalerate.. .... 0.025 0 
B. Hydroxypyruvate................. 0.050 0 
C. Ethyl ester of a-aceto-a-hydroxy- 
D. Ethyl ester of a-acetolactate...... 0.040 
E. Acetylmethylearbinol............. 0.023 
F. Acetylethylearbinol............... 90.012 


* The complete assay systems are described in a previous publi- 
cation (1). Protein concentrations of 0.8 mg and 4 wg were used 
in the assays involving cell-free extracts and purified preparation 
of reductoisomerase, respectively, except when the substrate was 
a-aceto-a-hydroxybutyrate. For these latter assays, 0.15 mg and 
1 wg of protein were used for the cell-free extract and reductoisom- 
erase preparation, respectively. Specific activity is recorded as 
micromoles of substrate converted per minute per mg of protein. 
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Reductase Activity | 


a-Aceto-a - a- Keto-B - Emy! ester of 
Hydroxypyruvate! a-aceto-a- 
hydroxybutyrate jhydroxy:sovalerate hydroxybutyrate 


Fig. 2. Photograph and tracing of an assay for reductoisomer- 
ase and reductase activities on a starch gel after electrophoresis 
of a cell-free preparation of Salmonella. The electrophoretic and 
assay procedures are described in the text. The photograph was 
taken 60 minutes after the reaction mixture was applied to the 


surface of the gel. The light background represents the fluores. 
cence of the TPNH in the reaction mixture, and the dark spots 
represent the bands in which the TPNH is oxidized to TPN. To 
describe the results more completely, a tracing of the assay re- 


sults has been placed beside the photograph. 


CELL-FREE EXTRACT | PURIFIED REDUCTOISOMERASE (80to 100 fold) 
Reductoisomerase Reductose — — Reductase 
© E 2 © 
8 a 2 8 8 rT 2 3 8 832 
0 1 2 > s 8 2 2 0 3 8 
8343483 2 2 8 2 3 8 2 3 928 82383 23 
51 32 85 5 8 
el 3 2 8 8 285 2 8 2383828 28 8 11 
9 E 9 = wo oz 8 E woe 
§ q- -----+------ -@ — 0 QM-- --Q--+--qD-- —— — +--@ -+--@ - 
CH, % | H C-O-8t| cn, 
COOH COOH: COOH COOH en, en, Ch, en, 


Fic. 3. Reductoisomerase and reductase activities detected on starch gel after electrophoresis of cell-free extracts and purified prep- 
arations of reductoisomerase of Salmonella. The substrates used are depicted by name and chemical formula. The electrophoretic 


and assay procedures are described in the text. 


a major spot (Fig. 2), it usually appeared only after 30 to 50 


minutes of incubation. When the ethyl esters and carbinols were 


tested, Band III appeared as the major band and Band IT usually 
appeared as a faint spot (Figs. 2 and 3). 

It should be mentioned that the bands shown as enclosed 
diagonal lines did not appear if the concentration of the substrate 
tested in the reductase assay was decreased from 30 mM to 15 
mM. 


When a purified preparation of reductoisomerase (comparable 
to the preparation mentioned in Table I) was subjected to 
electrophoresis and the gel was assayed, both reductoisomerase 
and reductase activities were detected (Fig. 3). In the assay 
involving a-aceto-a-hydroxybutyrate, Band I appeared. No 
band was recorded with a-acetolactate. This was not surprising 
in view of the fact that the activity of a-acetolactate as a sub- 
strate for the reductoisomerase (Table I) is much less than that 
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observed with a-aceto-a-hydroxybutyrate and that there is 
considerable destruction of the purified enzyme during electro- 
phoresis. When the various reaction mixtures of the reductase 
assay system were applied to the gels, Bands I-A, II, and III were 
observed. a-Keto-§-hydroxyisovalerate produced Bands I-A 
and II; hydroxypyruvate produced Band II, and the ethyl esters 
and carbinols produced Band III. Although these bands of 
gctivity were distinct, they were smaller in size than those pro- 
duced by cell-free extracts; this was probably due to the rela- 
tive amounts of active enzyme present in the gel. Band III 
was the faintest of the three bands detected. When the ethyl 
esters were utilized as substrates, the bands produced appeared 
in varying degrees of darkness. Occasionally, no bands were 
detected with the carbinols. 

When DPNH was substituted for TPNH in the gel assays, no 
bands were detected at the end of 90 minutes of incubation. 
Control assays (without a reducible substrate) yielded similar 
results. 

To confirm the results described above, the electrophoretic 
procedures were carried out in the pH range 7.8 to 8.5 with borate 
buffer and pH values of 7.5 to7.8 with potassium phosphate buffer. 
Borate buffer at pH 8.1 was the buffer of choice because it 
afforded the best separation of the bands. 

Identification of Dihydrory Acids Produced on Starch Gel The 
location of the reductoisomerase activity (Band I) was detected 
on two gels, after electrophoresis of cell-free extracts, witha-aceto- 
a-hydroxybutyrate as the substrate. The bands were cut out 
of the gel and squeezed through a 5-ml syringe. The homoge- 
nized gel then was incubated with 3 ml of the reaction mixture 
(containing a-aceto-a-hydroxybutyrate) for 3 hours at 24°, and 
the resultant mixture was frozen, thawed, and filtered. The 
filtrate was acidified to pH 2 with H.SO, and extracted with 
ether. The ether extract was chromatographed, and a, f- di- 
. was detected as previously described 


a reductase bands (Bands I-A, II, and III) were located 
with a-keto-G-hydroxyisovalerate as the substrate, and the 
a, f. dihydroxyisovalerate produced as a result of their action 
on the a-keto-8-hydroxy acid was detected as described above. 
Control assays were performed on areas of the gel that displayed 
neither reductase nor reductoisomerase activity. 


DISCUSSION 


Studies on the a-keto-8-hydroxy acid reductase and the q- 
hydroxy-8-keto acid reductoisomerase of several microorganisms 
(1-5) have led to questions concerning the role of the reductase 
and its possible relationship to the reductoisomerase. Armstrong 
and Wagner (1) reported that, under certain conditions, purified 
preparations of reductoisomerase (free of reductase activity) 
from E. coli and S. typhimurium lost reductoisomerase activity 
with a concurrent appearance of reductase activity. If the 
preparations were then dialyzed against §-mercaptoethanol, 
the reductoisomerase activity was partially restored whereas the 
reductase activity decreased. These results suggested that the 
reductase observed in cell-free preparation represented an altered 
form of the reductoisomerase. However, since existing data on 
the reductase of E. coli and V. crassa showed that hydroxypy- 
tuvate could be utilized as a substrate and that TPNH could be 
replaced by DPNH (3), further information was required before 


i definite statement could be made concerning the nature of the 
enzyme responsible for the reductase activity. 


F. B. Armstrong and R. P. Wagner 
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When cell-free extracts of Salmonella were assayed spectro- 
photometrically for reductase activity, several compounds in 
addition to those previously reported were found to serve as 
substrates (Table I). It was of interest to note that these 
additional substrates were derivatives (i.e. esters and decarboxyl- 
ation products) of the substrates for the reductoisomerase assay. 

The results obtained with starch gel electrophoresis have 
helped to clarify the results of the spectrophotometric assays. It 
was found that the reductoisomerase activity of the cell-free 
extracts was consistently located in a single band on the gel (Band 
I of Fig. 3). The reductase activity was located in a total of three 
bands (Bands I-A, II, and III of Fig. 3) and, moreover, the 
positions of the reductase activities detected were dependent on 
the substrate used. The results obtained with the preparations 
of purified reductoisomerase were similar, i.e. one band of re- 
ductoisomerase activity and three bands of reductase activity. 
Thus, the reductase activity discussed in previous publications 
was resolved into three distinct activities by electrophoresis. 

The patterns of the activities obtained when the different 
substrates were used in the reductase assay performed on the gels 
offer a suggestion as to the nature of the various enzymes. a- 
Keto-8-hydroxyisovalerate consistently produced Band I-A in the 
studies of cell-free extracts and preparations of purified re- 
ductoisomerase. Although hydroxypyruvate was the most 
active of the substrates for the reductase of cell-free extracts 
and occasionally produced Band I-A after electrophoresis of 
such, it did not produce this band when purified preparations of 
reductoisomerase were studied. Thus, this band of reductase 
activity was most active for the a-keto-@-hydroxy acid most 
directly concerned with the biosynthesis of valine. This obser- 
vation, coupled with the fact that Band I-A was consistently 
located the same distance from the origin as Band I (two buffer 
systems, pH 7.5 to 8.5), suggest that the reductase in Band I-A 
bears a close physical resemblance to reductoisomerase. 

The enzyme in Band II bears a similar specificity toward the 
substrates except that hydroxypyruvate appeared to be as 
active as a-keto-8-hydroxyisovalerate in both cell-free extracts 
and preparations of purified reductoisomerase (Fig. 3). Although 
Bands I-A and II reduced a-keto-8-hydroxy acids, the activ- 
ity of Band I-A was affected by the nature of the remaining two 
substituents on the 8-carbon atom whereas that of Band II was 
not. 

Band III (Fig. 3) was the least specific of the reductase activi- 
ties detected. a-Keto-8-hydroxyisovalerate and hydroxypyru- 
vate were the least active substrates; the ethyl esters and carbi- 
nols derived from a-aceto-a-hydroxybutyrate and a-acetolactate 
were the preferred substrates. Although the a-hydroxy-§-keto 
acids were inactive in the reductase assay, esterification or loss 
of the carboxyl group resulted in the formation of a substrate 
for the reductase activity described as Band III. As depicted 
by the formulas in Fig. 3, a compound bearing an a-keto-8-hy- 
droxy configuration with respect to a terminal methyl group (or 
with respect to a terminal carboxy] group) fulfilled the require- 
ments of an active substrate. 

The three reductase activities described in this study seem to 
represent three distinct enzymes that reduce a-keto-8-hydroxy 
compounds. A difference between the activities is found in the 
substrate specificity displayed by the individual activities. If 
a-keto-8-hydroxyisovalerate (a possible enzyme-bound inter- 
mediate in the biosynthesis of valine) is used as the criterion for 
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substrate specificity, the reductase activities would be assigned 
this order: I-A > II > III. 

The detection of reductase activities in a purified preparation 
of reductoisomerase (with no initial reductase activity), after 
starch gel electrophoresis, adds further support to the concept 
that the enzymes responsible for the reductase represent altered 
forms of the reductoisomerase. Whether the reductase activities 
described in this and previous reports occur in situ remains 
unanswered since the studies have been conducted on sonically 
disrupted cells or preparations subjected to electrophoresis. It 
is possible that the reductase activities may be produced as a 
result of the treatment the cells receive. 

The specific TPNH requirement for the reductase activities, 
when assayed with freshly prepared cell-free extracts of Sal- 
monella is similar to that noted in the reductoisomerase assays. 
In a previous publication (3), it was reported that DPNH could 
be substituted for TPNH with purified preparations of reductase 


phimurium showed that one band with reductoisomerase activity 
and three bands with reductase activity could be detected after 
starch gel electrophoresis of cell-free preparations. Similar 
bands of activities were also detected after the electrophoresis of 
a preparation of purified reductoisomerase that initially was free 
of reductase activity. These three bands appear to contain 
reductases of different substrate specificity, although each acts 
on compounds with a “ketohydroxy” group. 

These data add further support to the hypothesis that the 
enzymes responsible for the reductase activities observed jp 
studies on the biosynthesis of valine and isoleucine in Sal monellu 
and possibly in other microorganisms represent altered forms oj 
the reductoisomerase. 


Acknowledgments—The authors wish to express their sincer 
appreciation to Miss Mary Lynn Gordon and Mrs. Theres 


from E. coli and VM. crassa that had been stored for several Cryer for their technical assistance. 
months. The storage of the enzyme preparations may have 
accounted for these results since cell-free extracts of Salmonella REFERENCES 


displayed DPNH activity in the reductase assay only after 
ArmsTRONG, F. B., ano WadN ER, R. P., J. Biol. Chem., , 


storage at —5° for a week or longer. Thus far, DPNH activity I. 


in Salmonella has been restricted to assays involving the sub- 
strates for Band III. 

This study on the reductoisomerase and reductase activities 
observed in Salmonella has been qualitative in nature; however, 
it has served to clarify some of the previous observations, as 
well as to present new considerations. The nature of the altera- 


ER, R. P., RADHAKRISHNAN, A. N., AND SNELL, E. E. 
. RADHAKRISHNAN, A. N., WaGNeER, R. P., AND SNELL, E. E, 


. Wacner, R. P., anp Beraquist, A., Genetics, 45, 1375 (1900). 
. Umparcer, H. E., Brown, B., anv Ex RING, E. J., J. Biol. 


2027 (1961). 
Proc. Natl. Acad. Sci., U.S., 44, 1047 (1958). 
J. Biol. Chem., 286, 2322 (1960). 


Chem., 285, 1425 (1960). 


tions that the reductoisomerase undergoes remains to be studied. 
6. RADHAKRISHNAN, A. N., AND SNELL, E. E., J. Biol. Chem., . 


Studies on the a-hydroxy- g- keto acid reductoisomerase and 7. Koun, J., Nature, 188, 1055 (1959). 
a-keto-8-hydroxy acid reductase activities of Salmonella ty- 8. Smitutes, O., Biochem. J., 71, 585 (1959). 


9° ss: = ae 


8 2 a4 


2 
3 
da 
In 
lin 
In 
bel 
tu 


Tus JovRNAL or CURA 
Vol. 236, No. 12, December 1961 
Printed in U.S.A. 


Studies in Valine Biosynthesis 
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The steps in the pathway of formation of valine are: decar- 
boxylation of pyruvate to an acetaldehyde-thiamine pyrophos- 
phate intermediate which condenses with another molecule of 
pyruvate to yield a-acetolactic acid, migration of the a-methyl 
carbon to form a-keto-8-hydroxyisovaleric acid, reduction of this 
acid to produce q, - dihydroxyisovalerie acid, dehydration to 
yield a-ketoisovaleric acid, and, finally, transamination to form 
valine. The reactions in the biogenesis of isoleucine are parallel 
to those of valine. Instead of pyruvate, a-ketobutyrate con- 
denses with acetaldehyde to form a-hydroxy-a-acetylbutyric 
acid. Migration of the ethyl group from the a to the 8 position 
gives the carbon skeleton of isoleucine. Reduction and dehy- 
dration yield the keto acid analogue of isoleucine. These path- 
ways have been demonstrated primarily with Neurospora crassa, 
Escherichia coli, and Saccharomyces cerevisiae (cf. 1-4). 

The last biosynthetic step for these two amino acids is trans- 
amination, a reaction that is known to occur in mammalian 
tissues. With the exception of threonine and lysine, each of the 
esential amino acids can be replaced by their corresponding 
a-keto acid analogues for a growth response in weanling rats (5). 
Similar nutritional relationships have been observed in lactic 
acid bacteria (6). Therefore, it was desirable to test mammalian 
tissues and lactie acid bacteria for the possible presence of the 
next to last step of valine biosynthesis, namely the dehydration 
reaction. 

Asa clue to the valine pathway, the presence of the dihydroxy 
aid dehydrase has been briefly reported in four new microor- 
ganisms (7) and higher plants (4).! Herein is presented evidence 
lor an even more widespread distribution of the dehydrase in 
those microorganisms that can grow on ammonium salts. In 
contrast to lysine and ornithine biosynthesis, the reported and 
eited investigations are consistent with a single pathway in the 
two terminal steps of valine biosynthesis. 


EXPERIMENTAL PROCEDURE 


Rat Growth Studies—A valine- or isoleucine-deficient rat diet 
was prepared with the mixture of nineteen crystalline amino 
acids as designed by Rose, Oesterling, and Womack (8) (Mix- 
ture XXIII) with the omission of the desired amino acid. The 
other components of the basal diet were in grams per 100-g diet: 


This investigation was supported by National Science Foun- 
dation Grant No. G-2173 and Grant No. RG-6626 of the National 
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liminary reports of this material were presented at the Fifth 
International Congress of Nutrition, Washington, D. C., Septem- 
ber 1 to 7, 1960; and at the annual meeting of the American Insti- 
tute of Nutrition, Atlantic City, New Jersey, April 10 to 14, 1961. 

‘Reference (4) is the second paper of the present series. 


sucrose, 15; salt mixture of Jones and Foster, 4; cellulose, 2; 
choline chloride, 0.2; inositol, 0.1; vitamin A and D concentrate 
(3000 U.S.P. units of vitamin A and 425 U.S.P. units of vitamin 
D), 0.05; and corn oil, 1.95. The vitamins in milligrams per kilo- 
gram of diet were: thiamine HCl, 5; riboflavin, 10; pyridoxine - 
HCl, 5; nicotinamide, 5; calcium p-pantothenate, 25; p-amino- 
benzoic acid, 300; 2-methyl-1, 4 naphthoquinone, 2; folic acid, 5; 
biotin, 0.1; vitamin Biz, 0.03; and a-tocopherol, 2.5. The oily 
dihydroxy acids were dissolved in acetone, and the solution was 
then mixed with the diet. Dextrin was added to bring the total 
weight to 100 g. Male weanling Sprague-Dawley rats were dis- 
tributed among the experimental groups (four per group) and 
housed in individual cages for the 2-week growth experiment. 

Source of Microorganisms—The microorganisms were grown in 
the laboratory or were obtained commercially or by gift. Lacto- 
bacillus arabinosus 17-5, ATCC 8014, Lactobacillus casei, ATCC 
7469, Streptococcus faecalis, ATCC 8043, and Leuconostoc me- 
senteroides P-60, ATCC 8042 (known also as Streptococcus spp.) 
were handled, in general, as described by Henderson and Snell 
(9), except for omission of NaCl in Salts A and substitution of 
potassium citrate for sodium citrate (10). For the growth ex- 
periments (Figs. 3 and 4), 2.0 ml of isoleucine-deficient basal 
media, a 16-hour incubation at 37°, and 0.10 . NaOH for titra- 
tion of the lactic acid formed were used. For the enzyme assay 
which required the large-scale growth of these four organisms, 
the amino acid mixture of the basal media was replaced by 5.0 
ml of 10% casein hydrolysate plus 20 mg of Di- tryptophan per 
100 ml of basal media. A rapidly growing inoculum (10 ml) was 
aseptically added to 400 ml of this modified media. After an 
18-hour incubation at 37°, the log phase cells were harvested by 
centrifugation at 3°, washed with cold 0.9% NaCl solution, and 
resedimented. Approximately 3 to 6 g of wet packed cells were 
obtained per 400 ml of media. 

Cultures of Lactobacillus lactis 39A and Lactobacillus bulgari- 
cus GA were obtained from Paul-Lewis Laboratories. They 
were washed, centrifuged, and ruptured as described elsewhere. 

Escherichia coli, ATCC 9637 was grown in 1-liter Erlenmeyer 
flasks for 18 hours at 25° on a rotary shaker in the media of Davis 
and Mingioli (11). Frozen cells of Aerobacter aerogenes, ATCC 
12409 and Pseudomonas aeruginosa, ATCC 10145 were a highly 
appreciated gift from Dr. B. L. Hutchings, Lederle Laboratories 
Division, American Cyanamid Company. Frozen cells of Serra- 
tia marcescens (Shears strain GW) were obtained from Difco 
Laboratories, Inc. Spray-dried cells of Micrococcus lysodeikticus, 
ATCC 4698, which were grown by the procedure of Beers (12), 
were obtained from Miles Chemical Company. 

Lyophilized cells of Bacterium cadaveris, NCTC 6578, Clostrid- 
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tum kluyvert, ATCC 12489, and Pseudomonas fluorescens, ATCC 
13,430 were purchased from Worthington Biochemical Corpora- 
tion. A frozen press-cake of Torulopsis utilis (also known as 
Candida utilis) was a gift from Lake States Yeast and Chemical 
Division, St. Regis Paper Company; air-dried granules of the 
same yeast were also a potent source of the dehydrase. Air- 
dried brewers’ yeast was purchased from Anheuser-Busch, Inc. 
Bakers’ yeast was obtained from local sources. 

Rupture of Microorganisms—The washed or frozen or lyophil- 
ized microorganisms were suspended in 9 volumes of cold 0.10 
M potassium phosphate buffer, pH 7.4, and ruptured in a Ray- 
theon 250-watt, 10-kc, ultrasonic oscillator at 3-5°. The lactic 
acid bacteria were treated for 20- and 40-minute periods, and 
the organisms possessing the dehydrase were routinely ruptured 
for 10-, 20-, 30-, and 40-minute intervals. In several cases, 5- 
and 50-minute periods were tested. For P. fluorescens and C. 
kluyveri, only one sonication time was tried. After centrifuging 
at 18,000 x g for 20 minutes at 3°, the several supernatant solu- 
tions were used for measurement of the concentration of dehy- 
drase and protein. Table III contains only the highest enzyme 
activity and specific activity for each organism. Protein con- 
centration was determined by the method of Lowry et al. (13). 
Shorter time periods than those shown indicated partial rupture. 
In several cases, longer sonication periods decreased the enzyme 
yield; this was probably due to denaturation. Of various 
procedures tested, extraction with 0.067 M K HPO. for 1 hour at 
25° with stirring gave the highest dehydrase yield from air-dried 
brewers’ yeast. Several of the microbial extracts with appre- 
ciable keto acid blank content were dialyzed overnight against 
0.01 u phosphate buffer, pH 7.4, at 3-5 before further study. 

Dihydrorxy Acid Dehydrase Assay—The complete assay system 
in vitro contained 0.05 m Tris buffer, pH 7.4; 0.02 m MgCl; 
0.02 u Dla, G-dihydroxvisovalerate, pH 7.4; and enzymic ex- 
tract in a final volume of 1.0 ml. Unless otherwise indicated, 
incubations were performed in centrifuge tubes in an air atmos- 
phere at 37°. Thirty minutes after the addition of the extract, 
tungstic acid was added to terminate the reaction. After cen- 
trifugation, the keto acid concentration of the supernatant solu- 
tion was determined by a modification of the method of Friede- 
mann and Haugen (14), in which first toluene and then sodium 
carbonate were used to extract the dinitrophenylhydrazone. A 
standard curve was prepared from the optical density at 510 mu 
of the hydrazone of crystalline sodium a-ketoisovalerate (2). 

Each assay figure herein is the average keto acid concentration 
of triplicate complete tubes after the routine subtraction of trace 
amounts of apparent keto acids in the substrate and enzyme 
blanks. As 0.30 ml of enzymic extract was most frequently 
used, all assay values are reported on this basis. Higher volumes 
of lactobacilli extracts and lower volumes of potent extracts 
were used and corrected to the above basis. Thus, all enzyme 
assays are presented in units of micromoles of keto acid formed 
per 30 minutes and in concentrations of units per 0.30 ml of 
extract of microbial cells or tissue homogenate (1:10, weight per 
volume). In the reaction catalyzed by bakers’ yeast extract, 


this keto acid product has been identified as a-ketoisovaleric 
acid (3). 

The dihydroxy acids were synthesized as described earlier (2). 
The purity of the various batches was checked by the refractive 
index of the intermediate ethyl a, G- oxido esters, by elemental 
analysis of the quinine salt of the a ,8-dihydroxy acids, by homo- 
geneity of the acids in paper chromatography in four different 


Studies in Valine Biosynthesis. III 


Vol. 236, No. 19 


solvent systems, and by an enzymic test for purity in the bakery’ 
yeast assay system. 
RESULTS 


Test for Conversion of Dihydrory Acids to Amino Acids in Ra 
Many a-keto acids, when added to deficient experimental diets, 
can undergo amination to form the corresponding essential amino 
acid and thus produce a growth response in the growing test 
animal (5, 15, 16). As an a-keto acid is the product of dehydr. 
tion of the a,8-dihydroxy acid, a growth stimulation should be 
observed if the dihydroxy acid is converted by dehydration and 
amination to the essential amino acid. Fig. 1 shows the results 
of the nutritional experiment to test pL-a ,8-dihydroxyisovaleric 
acid as a possible valine precursor in the weanling rat. Positive 
growth was found with the complete diet (Curve A, +2.87 g per 
day). Omission of valine led to a steady weight loss (Curve B, 
—0.64 g per day). Rats in Group C, which received the valine. 
deficient basal diet plus an equimolar amount (2.29%) of pz. 
a ,B-dihydroxyisovaleric acid, failed to grow (—0.61 g per day). 
As observed previously (15, 16), a-ketoisovaleric acid stimulated 
positive growth in the weanling rats (Curve D, +1.56 g per day), 
The similarity of Curves A and D and Curves B and C indicates 
that, although the rat has transaminases, the dihydroxy acid 
dehydrase is absent by the criteria of growth. 

Essentially the same nutritional experiment was repeated with 
the isoleucine precursor, a ,8-dihydroxy-8-methy]-n-valeric acid. 
Fig. 2 shows the growth rate for weanling rats with this substance, 
Whereas the rats grew at a rate of +3.16 g per day on the com- 
plete diet (Curve A), omission of isoleucine led to weight los 
and death by the 9th day. Supplementation of the isoleucine. 
deficient basal diet with 0.90% of the resolved a ,8-dihydroxy- 
B-methyl-n-valeric acid (2) led likewise to a decline in weight, 
and death by the 9th day. Meister and White have demon- 
strated that the keto analogue of L-isoleucine supported mt 
growth (16). Although this dihydroxy acid is a known inter. 
mediate in isoleucine formation in certain microorganisms, its 
failure to stimulate growth suggests the absence of detectable 
dihydroxy acid dehydrase in the rat. 

Such growth studies are open to the question of whether or 
not the test substance is absorbed. This possibility cannot be 
completely eliminated, but it is unlikely in view of the positive 
growth response with a-keto acids, here and elsewhere, or with 
a-hydroxyisovaleric acid (5). 

Test for Conversion of Dihydroxy Acid to Amino Acid in Lace 
Acid Bacteria—Many a-keto acids in the presence of pyridoxal 
in the media can be utilized for amino acid formation and thu 
stimulate the growth of several lactic acid bacteria (6, 17). 
Thus, as in the rat, these bacteria may be used to test the po 
sible transformation of q, -dihydroxy--methyl- n- valerie sci 
(isolated isomer from quinine resolution (2)) to isoleucine. Two 
kinds of experiments were run on each of four organism 
Growth was followed by titration of the lactic acid produced 
after 16 hours of incubation at 37°. The left graphs in Figs.3 
and 4 show the anticipated growth response to increasing ine 
ments of isoleucine with L. arabinosus and L. mesenteroida 


The horizontal line in the same figures indicated the complete 


lack of cell growth in the absence of isoleucine and the present 
of its neutralized dihydroxy acid analogue. The right hunt 
graphs of Figs. 3 and 4 show the data when suboptimal amount 
of isoleucine plus a 10, 20, 50, or 100 times factor of the dihydros 
acid were both added to the media. The observed zero slope 
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Fic. 1. Test for growth response of a dihydroxy acid with rats. 
Valine precursor experiment. Curve A (@——@), basal diet 
plus 2.00% l- valine; Curve B (O——O), valine-deficient basal 
diet; Curve C (A——A), basal diet plus 2.29% p1-a,8-dihydroxy- 
isovaleric acid; and Curve D (A——A), basal diet plus 1.18% 
aketoisovaleric acid. 

Fic. 2. Test for growth response of a dihydroxy acid with rats. 
Jsoleucine precursor experiment. Curve A (@——@), basal diet 
plus 1.60% I- isoleueine; Curve B (O——O), isoleucine-deficient 
basal diet; and Curve C (A——A), basal diet plus 0.90% a, - di- 
hydroxy-8-methyl-n-valeric acid (quinine isomer). 


indicate both the lack of dehydrase formation by an induced 
synthesis and the lack of inhibitory action of this acid. Although 
the 8-hydroxy analogue of valine is a microbial inhibitor (18), 
evidently the substitution of a hydroxyl group for the a-amino 
group gives a compound without antimicrobial activity. As 
the a-hydroxyisovaleric acids and other hydroxy acids are ab- 
sorbed and utilized by lactic acid bacteria (19), the factor of cell 
permeability for the dihydroxy acid is an unlikely explanation. 

The above two experiments have also been performed with S. 
foecalis and L. casei with exactly the same results. Thus, 
whereas these four organisms have transaminases, which enable 
them to utilize a-keto acids, the above evidence suggests the 
absence of the dehydrase to transform the dihydroxy acid to the 
a-keto acid. Since such a conclusion for the rat and these bac- 
teria is based on negative evidence, direct assays of tissue ho- 
mogenates or microbial extracts were also undertaken. 

Keto Acid Formation by Rat and Other Vertebrate Tissues—The 
general conditions for the dehydrase assay of S. cerevisiae extracts 
were described in Experimental Procedure.” To repeat in part, 
the assays of rat tissue homogenates in Table I were performed 
in 12-ml centrifuge tubes in an air atmosphere in a 37° water 
bath with slow oscillatory shaking. These 1:10 homogenates 
were prepared in isotonic sucrose with a Potter-Elvehjem type 
homogenizer with a Teflon pestle. Each assay was corrected 
for the necessary enzyme and substrate blanks. Whereas most 
tissues were negative, kidney and liver homogenates gave a quite 
low, but reproducible, keto acid production. On the assumption 
that these figures are representative of the whole organs, these 
low apparent reaction rates are still sufficient to supply the rat 
with the required daily valine intake. Before accepting this 


implication at face value, other experiments were run. 
Table II presents the keto acid formation, measured in the 
usual manner, when the rat homogenates or microbial extracts 
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Fic. 3. Tests for growth response of a dihydroxy acid with 
Lactobacillus arabinosus. @——@, The amount of 1. isoleueine 
added to the isoleucine-deficient basal media; O— 0, the test 
a ,8-dihydroxy-8-methyl-n-valeric acid (quinine isomer). In the 
right hand graph, each tube contained the indicated suboptimal 
amount of L-isoleucine plus 0, 1, 10, 20, 50, or 100 times that amount 
of the dihydroxy analogue of isoleucine. Growth was followed by 
titration after a 16-hour incubation at 37°. 
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Leuconostoc mesenteroides. See legend of Fig. 3 for other details. 


TABLE I 
Keto acid formation by rat tissues 
The complete assay system contained 0.05 Tris buffer, pH 
7.4; 0.02 M MgCls; 0.02 u a,8-dihydroxyisovaleric acid; and 0.3 ml 
of 1:10 homogenates in 0.25 M sucrose. Final volume was 1.0 ml. 
Triplicate centrifuge tubes were incubated for 30 minutes in air 
at 37°. 


Tissue source Activity Specific activity 
Reto acid/0.3 | pmole keto acid/mg 
0.02 0.003 
«„ 0.01 0.002 
0.00 0.000 
•ãÿt 0.00 0.000 
Yeast 0.94“ 0. 364“ 


* The keto acid production by 0.3 ml of a 1:10 centrifuged 
bakers’ yeast extract is included here as a reference point. 
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TABLE II 

Effect of gas phase on keto acid production by various tissue sources 

The conditions for the assay in an air atmosphere are described 
in the legend for Table I and the text. For the last two columns, 
the reaction components were incubated in 10-ml beakers in a 
Dubnoff shaking water bath at 37° with either a nitrogen or oxy- 
gen gas phase. Ten per cent rat homogenates or centrifuged 
microbial extract were used in the stated volumes. After correc- 
tion for enzyme and substrate blanks, the activity data is ex- 
pressed in units of micromoles of keto acid formed per 30 minutes. 


Activity in atmosphere of 
Tissue source — | 
Air O2 Ne 
| 
Rat liver homogenate.............. 0.3 | 0.04 | 0.08 | 0.00 
Rat kidney homogen ate 0.3 0.21 | 0.59 0.00 
M. lysodeikticus extract............ 0.2 | 0.79 0.81 | 0.79 
Saccharomyces cerevisiae extract..... 0.2 | 0.79 | 0.63 | 0.74 
P. aeruginosa extract.............. 0.1 | 0.49 | 0.38 | 0.53 
0.2 0.99 | 0.77 | 0.86 
A. aerogenes extract............... 0.1 0.44 | 0.40 | 0.47 


were incubated simultaneously in various gas phases. The 
oxygen atmosphere enhanced the keto acid production by the 
liver and kidney homogenates, whereas the nitrogen gas phase 
obliterated the keto acid formation. These results are in strik- 
ing contrast to those obtained with the five microbial extracts. 
The reaction proceeded to the same extent in all three gas phases 
for . lysodeikticus. For the other four microbial extracts, the 
keto acid formation occurred at the same rate in air and nitrogen 
but was impaired in the oxygen atmosphere. In another- ex- 
periment, the keto acid production by rat liver or kidney homoge- 
nate in the oxygen phase was found to increase in a linear manner 
over a 2-hour period. Thus, the keto acid production by rat 
homogenates may be due to the oxidation of the substrate to 
a-keto-8-hydroxyisovaleric acid. Although this presumed prod- 
uct has not been identified, the dinitrophenylhydrazine reagent 
would not distinguish between this acid and a-ketoisovaleric 
acid under the conditions of the Friedemann and Haugen pro- 
cedure (14). Thus, the negative result in the nitrogen atmos- 
phere indicates the lack of the dehydrase in the rat tissues. 
Table II also demonstrates that the microbial enzymes produce 
a keto acid by a nonoxidative reaction, i.e. a cleaving out a 
molecule of water from the dihydroxy acid. 

Since Table II demonstrates that the dehydrase assay with 
rat homogenates must be run in a nitrogen atmosphere, this 
condition was used for the incubation of liver and kidney homog- 
enates of 16 other vertebrates: Mammalia (mouse, pig, dog, 
rabbit, guinea pig, hamster, and cat); Aves (chick, turkey poult, 
and pigeon); Reptilia (turtle and snake); Amphibia (frog and 
toad); and Pisces (catfish and goldfish). All were negative or 
essentially negative for keto acid formation. Several modifica- 
tions were also tested: (a) use of 4 times the above amount of 
tissue for rat and turkey tissues (0.6 ml of liver and kidney 
homogenate (1:5, weight per volume)); and (b) incubation with 
Tris and phosphate buffers at pH 6.8 and pH 8.0, in addition to 
the usual pH 7.4, for liver and kidney homogenates from the rat 
and chick. Each gave the same negative results. Thus, the 
dehydrase is absent from rat tissues by two different criteria 
and from 16 other vertebrates by the assay, in vitro. 

Dehydrase Assay of Microbial Extracts—As the previous sec- 
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tion established the lack of influence of the gas phase on th 
reaction with microbial extracts, the assays in Table III wep 
performed in centrifuge tubes in air. Cell-free extracts, prepared 
by sonic oscillation of the six lactic acid bacteria, were used for 
the dehydrase assays, which were all negative. Assays of I. 
arabinosus and L. casei extracts were repeated on three and two 
separate cell preparations, respectively. S. faecalis and L. mesen 
teroides assays were run with 4 times the usual amount of extract 
(i. e. 0.6 ml of a 20% (weight per volume) sonicated extract), 
The negative dehydrase assays are consistent with the observed 
failure of the dihydroxy acid to stimulate growth in these micro. 
organisms. 

Table III also presents the concentration of the dehydrase in 
extracts of eight bacteria and three yeasts, of which only E. col 
(1) and S. cerevisiae (2) have been heretofore reported. . 


TABLE III 
Distribution of dehydrase activity in microorganisms 

The indicated microorganisms were ruptured by sonic oscilla. 
tion for several time periods, of which only the time for maximal 
specific activity is inserted in the table. After centrifugation x 
18,000 X g for 20 minutes, the extracts were used for the de. 
hydrase assay described in the text. A unit of dehydrase is de. 
fined as the micromoles of keto acid formed per 30 minutes under 
the stated conditions. Its concentration is expressed in units 
per 0.3 ml of the supernatant fluid of a microbial extract (1:10, 
weight per volume). 


> 
22 is aff | 
Family and genus 23 Bes if 
uni 
min | protein * 
Lactobacillaceae 
Lactobacillus arabinosus....... — * | 0.01 9.6 0.08 
Lactobacillus casei............. — 0.00 6.0 | 0.00 
Lactobacillus lactis ............ — 0.00 11.9 | 0.000 
Lactobacillus bulgaricus........ — 0.00 11.8 | 0.00 
Streptococcus faecalis. ......... — 0.00 5.5 | 0.00 
Leuconostoc mesenteroides...... — 0.00 3.2 | 0.00 
Pseudomonadaceae 
Pseudomonas aeruginosa....... + 10 2.01 8.5 | 0.7 
Pseudomonas fluorescens....... + 10 0.15 32.5 | 0.015 
Enterobacteriaceae 
Escherichia coli. + 30 1.42 7.0 | 0.6% 
Aerobacter aerogenes........... + 5 4.38 8.0 | 1.89 
Serratia marcescens............ + 20 0.72 14.0 | 0.171 
Bacterium cadaveris........... + | 20 0.41 | 36.2 | 0.08 
Micrococcaceae 
Micrococcus lysodeikticus...... + | 40 | 1.53 | 11.7 | 0.436 
Bacillaceae 
Clostridium kluyveri........... + 10 0.07 | 39.0 | 0.06 
Ascomyeetous fungi 
Saccharomyces cerevisiae....... + 40 0.94! 8.6 | 0.36 
Dried brewers’ yeast. ＋ ¢ 0.23 4.8 | 0.18 
Torulopsis utilis, frozen + 20 0.81 5.7 | 0.4% 
Torulopsis, dried.............. + | 10 3.80 | 19.6 | 0.66 


* The lactic acid bacteria were treated for 20 and 40 minute 
in the sonic oscillator. 
t Dried brewers’ yeast extract was prepared by autolysis. 
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noted in Table III, each organism can grow on ammonium salts 
as the main nitrogen source, an indication that they can synthe- 
size all of their amino acids. Although B. cadaveris and M. 
lysodeikticus used here were grown on a crude media, they can be 
grown on a defined media with ammonium salts as the nitrogen 
source (20, 21). Two plant tissues are mentioned here for later 
comparison (4). Chlorella pyrenoidosa and spinach leaf had an 
activity of 0.24 and 0.32 and a specific activity of 0.290 and 0.304, 
respectively, in the same units of Table III. Again, there is a 
parallel presence of the dehydrase and the ability to grow on 
inorganic nitrogen. 
DISCUSSION 


In the classical approach of nutrition, amino acids are classified 
as essential or nonessential with respect to their required dietary 
presence for growth of the weanling test animal. The nonessen- 
tial amino acids are manufactured by biosynthetic reactions in 
the tissues. Hence, detection of the dihydroxy acid dehydrase, 
an enzyme in a biosynthetic pathway with an equilibrium favor- 
ing product formation (1, 2), may help elucidate some of the 
qualitative comparative aspects of amino acid nutrition. The 
evidence herein indicates the absence of the dehydrase in 17 
vertebrates and six lactic acid bacteria. In this respect the rat, 
mouse, man, pig, dog, chick (5), fish (22), insect (5), protozoan 
(5), and lactic acid bacteria (23, 24), have a known nutritional 
requirement for valine and isoleucine for the purpose of growth 
or nitrogen balance. By extrapolation, this lack of the dehydrase 
suggests, but does not prove, that all vertebrates have a similar 
nutritional need for valine and isoleucine. Although this ab- 
sence does not exclude biosynthesis by some different pathway, 
this possibility is rendered quite remote by the widespread 
microbial (Table III) and plant (4) distribution of the dehydrase. 
Thus, the consistent pattern of both valine and isoleucine as 
essential amino acids in the above species is a reflection of the 
deletion of the dehydrase and perhaps earlier enzymes in the 
sequence of parallel biosynthetic steps. 

Turning to organisms that can grow on an inorganic nitrogen 
source, N. crassa and E. coli have long been studied to elucidate 
the steps of valine and isoleucine biosynthesis (1-4). Only the 
literature related to organisms other than these two will be 
discussed here. The over-all formation of valine has been stud- 
ied by the radioisotope incorporation approach or by isotope 
competition method in T. utilis (25-28), S. cerevisiae (29-31), 
and A. aerogenes (32) with results that are consistent with the 
valine pathway via the initial formation of a-acetolactate (27). 
In C. kluyveri, acetate is incorporated into valine, but the posi- 
tion of the label was not determined (33). Thus, the presence 
of the dehydrase confirms a specific pathway for the earlier 
observed over-all tracer studies in S. cerevisiae, T. utilis, A. 
aerogenes, and perhaps C. kluyveri. 

Aside from V. crassa and E. coli, only S. cerevisiae has enzymic 
evidence available for the steps of a-acetolactate formation (34), 
rearrangement and reduction (3), and dehydration (2). A. 
aerogenes has two distinct acetolactate-forming enzymes, a “pH 
8.0 enzyme” concerned with valine biosynthesis, and a “pH 6.0 
enzyme” which provides for diversion of glucose catabolism from 
acidic to neutral products and yet can serve in a biosynthetic 
tole under certain conditions (35, 36). Acetoin production and 
the presence of acetolactate decarboxylase suggests that aceto- 
lactate can also be formed by S. marcescens (36). Due to this 


competing decarboxylase, detection of the reductoisomerase 
would be difficult in A. aerogenes and S. marcescens. Thus, 
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demonstration of the dehydrase provides a further clue for the 
pathway of valine biosynthesis in these two organisms. 

The third area of evidence is the correlation of the presence of 
the dihydroxy acid dehydrase in microorganisms (Table III) 
and plants (4) with their ability to grow on ammonium salts, i.e. 
to synthesize all of their amino acids. Several of these dehy- 
drases have been found to possess a similar specificity with seven 
dihydroxy acids tested as substrates. Thus, the results to date 
are consistent with the conclusion that the last two steps of 
valine formation, whenever it occurs, are the same in the various 
biological systems examined. Furthermore, the earlier knowl- 
edge of the microbial a-acetolactate formation suggests that all 
steps in the pathway may be identical, but such a hypothesis 
requires further experiments to exclude alternative interpreta- 
tions. 

Although this paper has focused on the distribution of the 
dehydrase, there are wider implications for the comparative 
aspects of amino acid biosynthesis. Lysine formation proceeds 
via a-aminoadipic acid in N. crassa and other fungi; but in E. 
coli, other bacteria, actinomycetes, green algae, and higher 
plants, the key intermediate is a, e-diaminopimelie acid (37, 38). 
Ornithine (and arginine) biosynthesis in N. crassa and T. utilis 
begins by reduction of glutamic acid to glutamic-y-semialdehyde 
which undergoes transamination to form ornithine (39). This 
over-all transformation in E. coli proceeds by first N-acetylation, 
then reduction, transamination, and, finally, deacylation to yield 
ornithine (39). In contradistinction to these examples, the 
evidence to date is consistent with a single pathway of valine 
biosynthesis in the diverse biological systems studied. 


A dihydroxy acid dehydrase, which catalyzes a step in the 
biosynthesis of valine and isoleucine, has been examined with 
respect to its distribution in diverse biological systems. By the 
criteria of both growth response and dehydrase assay in vitro, 
there was no detectable conversion of the a, G- dihydroxy acids 
to the a-keto acids in the rat, Lactobacillus arabinosus, Lacto- 
bacillus caset, Leuconostoc mesenteroides, and Streptococcus faecalis. 
The dehydrase assay was also negative for liver and kidney 
homogenates of 16 other vertebrates and two other lactic acid 
bacteria. In both the vertebrates and microorganisms studied 
to date, there is an inverse correlation between the presence of 
the dehydrase and a nutritional requirement for valine. 

In addition to the three microorganisms and plants previously 
known to have this enzyme, this paper reports its presence in 
Pseudomonas aeruginosa, Pseudomonas fluorescens, Aerobacter 
aerogenes, Serratia marcescens, Bacterium cadaveris, Micrococcus 
lysodeikticus, Clostridium kluyveri, brewers’ yeast, and Torulopsis 
utilis. As the dihydroxy acid dehydrase catalyzes a known step 
in the middle of a pathway, at least the last two steps in valine 
formation in the above organisms are identical with the bio- 
synthetic steps in Neurospora crassa, Escherichia coli, and Sac- 
charomyces cerevisiae. Further implications of the presence of 
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Addendum— Myers (40) has recently described some properties 


of a purified dihydroxy acid dehydrase from E. coli and concludes 
that this enzyme is probably common for both the valine and iso- 
leucine pathways of biosynthesis. 
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Although biotin is required for the synthesis of the inducible 
malic enzyme in Lactobacillus arabinosus 17-5 (1), partially puri- 
fied preparations of the enzyme do not contain biotin (2), and 
avidin does not affect the activity of the enzyme (3). The for- 
mation of another enzyme, ornithine transcarbamylase, in Strep- 
lococcus lactis 8039 is also diminished by a biotin deficiency (4), 
but purified preparations of the enzyme similarly do not contain 
appreciable amounts of biotin (5). A recent study (6) has in- 
dicated that the function of biotin in the synthesis of ornithine 
transcarbamylase is concerned with the biogenesis of a 4 carbon 
unit which is essential for the synthesis of the enzyme. This 4 
carbon unit can be synthesized by the organism through a reac- 
tion involving biotin or can be supplied exogenously by deriva- 
tives of aspartic acid such as glycylasparagine. In view of these 
results, it seemed worthwhile to reinvestigate the role of biotin 
in the synthesis of the malic enzyme. 

In the present investigation, it was found that asparagine and 
asparagine peptides, but not aspartic acid, replace the biotin 
requirement for malic enzyme synthesis in cells of L. arabinosus 
grown under biotin-limiting conditions. Aspartic acid not only 
does not replace the biotin requirement but also inhibits the 
stimulation of enzyme synthesis by biotin. The inability of the 
cells to utilize exogenous aspartic acid in place of biotin can be 
altered by certain changes in the growth medium or by preincu- 
bation of the cells. 


EXPERIMENTAL PROCEDURE 


Materials—Glycyl-L-asparagine was obtained from Nutritional 
Biochemicals Corporation. I-Glutamyl-Lasparagine was ob- 
tained from Mann Research Laboratories. Tween 80 (polyoxy- 
ethylene sorbitan monooleate) was a gift from the Atlas Powder 
Company. 

Methods—Cells of L. arabinosus 17-5 used for the inoculation 
of the growth flasks were obtained as previously described (7). 
The cells were washed twice with 10 ml of sterile NaCl solution 
(0.85%), and 0.1 ml of the heavy suspension of cells was added 
per 100 ml of growth medium. The growth medium was a syn- 
thetic amino acid medium (8) which contained 0.2 ng of panto- 
thenic acid per ml and was modified by increasing the concen- 
tration of pt-glutamic acid to 0.1 mg per ml and by varying the 
concentrations of biotin as indicated. To obtain biotin-suffi- 
cient cells, the medium was supplemented with 0.02 ug of biotin 
perml. To obtain biotin-deficient cells, the biotin concentration 
was reduced to 0.01 mug per ml. In certain experiments, as 
subsequently indicated, biotin was omitted from the medium, 
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and 0.1 ml of Tween 80 was added per 100 ml of medium. The 
cells were harvested after 20 to 22 hours of incubation at 30°, 
washed twice with cold distilled water, and resuspended in suffi- 
cient cold water to provide a cell suspension of 1.5 mg dry weight 
of cells per ml. The dry weight of cells was determined by the 
use of a turbidimeter and a standard curve of milligrams of dry 
weight of cells versus galvanometer deflection. The yield of cells 
from high biotin medium was approximately 34 mg per 100 ml 
of medium; from low biotin medium, 5 mg; and from biotinless 
oleate medium, 14 mg. 

The rate and the extent of malic enzyme synthesis were deter- 
mined by a previously described procedure (7). Carbon dioxide 
evolved by the action of the enzyme on malic acid was determined 
manometrically by the use of the Warburg technique. The basal 
medium, containing amino acids, inorganic salts, acetate, purines, 
pyrimidines, vitamins, glucose, and malic acid, was modified by 
the omission of biotin and aspartic acid, by increasing the con- 
centration of the other amino acids to 0.1 mg per ml, and by in- 
creasing the magnesium ion concentration to 2 umoles per ml. 
The pH of the basal medium and additional supplements was 5.5. 
The main chamber of each Warburg flask contained the basal 
medium and additional supplements in a total volume of 2.6 
ml, and the side arm contained 0.4 ml of cell suspension (0.6 mg 
dry weight of cells). The system was flushed with nitrogen, and 
the reaction was initiated by tipping the cells into the main 
chamber. The incubation temperature was 37°. Carbon di- 
oxide evolution was measured at 15- or 30-minute intervals. The 
results are reported either as total carbon dioxide evolution or as 
the amount of enzyme formed. The amount of enzyme formed 
was determined from the final slope of the curve, which shows the 
rate of carbon dioxide evolution at the end of the incubation 
period, and is expressed as units of enzyme activity. A unit of 
enzyme activity has arbitrarily been defined as the evolution of 
1 wl of carbon dioxide per hour. 


RESULTS AND DISCUSSION 


As seen in Table I, biotin-deficient cells of L. arabinosus ob- 
tained by growing the cells in the presence of a suboptimal con- 
centration of biotin and in the absence of oleate require biotin for 
the synthesis of the malic enzyme. The biotin requirement can, 
however, be replaced by glycylasparagine. Peptides of other 
amino acids (serine, leucine, glutamic acid, isoleucine, phenyl- 
alanine, methionine, proline, and threonine) were tested and 
found to be inactive. In a separate experiment, the slopes of the 
curves obtained in the presence of biotin, glycylasparagine, or a 
mixture of the two indicate that the concentrations of malic en- 
zyme finally attained are approximately the same (Fig. 1). The 
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TABLE I 
Replacement of biotin requirement for malic enzyme synthesis 
by glycylasparagine* 
Biotin | Glycyl-L-asparagine 
mat ber mi | yl COzevolvedt moles per ml | yl CO: evolvedt 
0 53 | 

1.0 146 | 0.03 226 

3.0 340 : 0.1 364 

10.0 362 : 0.3 382 


* Low biotin cells. 
ft Incubation time, 3 hours. 


400 


LOW BIOTIN CELLS 


300 


200 


co EVOLUTION, pl 


100 


TIME, HOURS 


Fic. 1. Effects of biotin and glycylasparagine on the rate and 
extent of malic enzyme synthesis by cells grown on low biotin 
medium. The induction medium was supplemented per ml as 
follows: A——A, no supplements; O——O, biotin, 0.01 ug; 
A, glyeyl-L-asparagine, 0.1 umole; @——®, biotin, 0.01 
ug, and glycyl-L-asparagine, 0.1 umole. 


time necessary for the synthesis of the enzyme is, however, re- 
duced in the presence of both biotin and glycylasparagine, indi- 
cating that these supplements are forming a limiting intermediate 
by independent pathways. There is no detectable amount of 
growth (as determined turbidimetrically) during the induction 
period in either the absence or presence of the supplements. It 
appears, therefore, that the intermediate necessary for the forma- 
tion of the malic enzyme can be synthesized endogenously by a 
reaction involving biotin, from the exogenously supplied aspara- 
gine peptide, or by both means. 

In comparing the relative effectiveness of aspartate, aspara- 
gine, and asparagine peptides in replacing biotin, glycylaspara- 


gine, and glutamylasparagine were found to be equally effective 


(Table II). Asparagine, at approximately three times the con- 
centration of the peptides, replaces the biotin requirement. The 
times of initiation of enzyme synthesis as well as the amounts of 
enzyme finally attained in the presence of 0.3 umole per ml of 
asparagine, 0.1 umole per ml of glycylasparagine, or 0.1 wmole of 
glutamylasparagine are approximately the same. Lower con- 
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centrations of these compounds initiate enzyme synthesis at the 
same time as the higher concentrations, but the enzyme is synthe. 
sized at a diminished rate. Aspartate, at concentrations as high 
as 10 umoles per ml, does not replace the biotin requirement. To 
eliminate the possibility that aspartate might be inhibiting the 
activity of the malic enzyme, the activity of preformed malie 
enzyme was determined in the presence of 10 ꝝmoles per ml of 
aspartate and found to be unchanged. 

To find an explanation for this inability of aspartate to stimu- 
late malic enzyme synthesis under these conditions, the effect of 
aspartate on malic enzyme synthesis in the presence of biotin or 
glycylasparagine was determined, and the results are shown in 
Table III. The stimulation by glycylasparagine is not affected 
by aspartate, whereas the stimulation of enzyme synthesis by 
biotin is inhibited by aspartate. Aspartate does not appreciably 
alter the time of initiation of enzyme synthesis but rather de- 
creases the rate of enzyme synthesis. These results indicate that 
aspartate is either repressing the formation of or inhibiting the 
activity of an enzyme which is necessary for the formation of a 4 
carbon unit. This presumably represents another example of a 
biological control mechanism and is in agreement with the re- 


TABLE II 


Relative effectiveness of aspartate, asparagine, and asparagine 
peptides in replacing biotin* 


Total CO: evolution 
Supplements 
Aspartate  1-Asparaginet | 2 | 
pmoles/ml control: 
0 15 15 15 15 
0.03 | 63 56 
0.1 | 25 50 101 100 
0.3 | 87 105 115 
1.0 4 122 
10.0 18 


* Low biotin cells. 

t The final enzyme activities attained with 0.1, 0.3, and 10 
umole per ml of asparagine were 192, 350, and 440 units, respec- 
tively; with 0.03 and 0.1 mole per ml of glycylasparagine, 226 
and 350 units; and with 0.03 and 0.1 zmole per ml of glutamyl- 
asparagine, 210 and 350 units. 

t The control, containing 10 myg of biotin per ml, produced 
362 wl of CO: in 3 hours. 


TABLE III 
Inhibitory effect of aspartate on malic enzyme synthesis* 
Supplements 
Total CO: Fina“ enzyme 
evolution act.vity 
Biotin asparagine L-Aspartate 
mug /m. pmoles/ml % of controlt u nil: 
10 0 0 100 220 
10 0 0.1 59 120 
10 0 1.0 38 88 
10 0 10.0 20 54 
0 0.1 0 112 230 
0 0.1 10.0 102 220 


* Low biotin cells. 
t The control, containing 10 yg of biotin per ml, produced 25 
pl of CO: in 23 hours. 
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sults previously obtained by Lardy et al. (9) who showed that 
te inhibits carbon dioxide fixation by L. arabinosus. 

As these data have shown, either biotin or a source of an active 
4 carbon unit is required for malic enzyme synthesis when L. 
arabinosus is grown on low biotin medium. A recent report by 
Plaut (10) has shown that cells of L. arabinosus grown on a bio- 
tinless oleate medium do not require biotin for the induced syn- 
thesis of the malic enzyme. To resolve this discrepancy, studies 
of the effects of aspartate, glycylasparagine, and biotin on the 
synthesis of the malic enzyme by cells of L. arabinosus grown 
on high biotin medium and by cells grown on a biotinless oleate 
medium were undertaken. The results of these studies are shown 
in Fig. 2. Biotin-sufficient cells do not require either biotin or 
aspartate for enzyme synthesis. There is a slight increase in the 
rate of synthesis on the addition of aspartate to the induction 
medium and a slightly greater increase on the addition of glycyl- 
asparagine. High concentrations of aspartate do not inhibit 
enzyme synthesis. Cells grown on a biotinless oleate medium 
require either biotin or a source of a 4 carbon unit to synthesize 
malic enzyme, but differ from cells grown on low biotin medium 
in that aspartate is used equally as well as glycylasparagine in 
supplying the 4 carbon unit and that the response to biotin is not 
inhibited by high concentrations of aspartate. These same dif- 
ferences are observed if the cells are grown on a biotinless oleate 
medium supplemented with avidin, or if the induction medium 
is supplemented with Tween 80. 

The inability of the cells grown on low biotin medium to utilize 
aspartate as a 4 carbon unit source cannot be attributed wholly to 
an inability to assimilate aspartate since aspartate at 0.1 umole 
per ml inhibits the biotin stimulation of enzyme synthesis, in- 
dicating that aspartate does get into the cell. When the cells 
grown on low biotin medium are harvested and washed as de- 
scribed above, incubated in the induction medium without malic 
acid (at pH 7.0 for 30 minutes under atmospheric conditions), 
harvested again and washed, the cells are then able to utilize 
either biotin, glycylasparagine, or aspartate for malic enzyme 
synthesis. The response to these supplements is similar to the 
response obtained with cells grown on a biotinless oleate medium 
(cf. Fig. 2). When the cells are preincubated with biotin under 
these conditions, they no longer require either biotin or an ex- 
ogenously supplied 4 carbon unit for enzyme synthesis, and the 
rate of synthesis is comparable to that of cells grown on high 
biotin medium (cf. Fig. 2). 

Cells grown on low biotin medium, in which the growth is 
greatly reduced, apparently have a deranged control mechanism 
caused by an inability to utilize exogenous aspartate for malic 
enzyme synthesis under conditions which permit the exogenous 
aspartate to inhibit its own biosynthesis. This defect does not 
occur in cells grown on a biotinless oleate medium in which there 
is only a moderate reduction in growth, and it is overcome in cells 
grown on low biotin medium by incubation in the induction me- 
dium. Further investigation of the nature of this defect is indi- 
cated. 

The inability of low biotin cells to utilize exogenous aspartate 
as well as to synthesize aspartate accounts for the biotin-depend- 
ent synthesis of the malic enzyme in L. arabinosus. The role of 
biotin in the biosynthesis of this enzyme thus appears to be the 
earliest known role of biotin which is in the catalysis of a car- 
boxylation reaction in the biogenesis of the 4 carbon unit essential 
for aspartate synthesis (11, 12). 
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Fic. 2. Effects of biotin, glycylasparagine, and aspartate on 
the rate and extent of malic enzyme synthesis by cells grown on 
high biotin medium and on biotinless oleate medium. The induc- 
tion medium was supplemented per ml as follows: A——A, no 
supplement; O——O, biotin, 0.01 ug; A——A, glycyl-.-aspar- 
agine, 0.1 umole; O——D, I- aspartate, 0.1 umole. 


The biotin requirement for the synthesis of the malic enzyme 
by cells of Lactobacillus arabinosus 17-5 grown on low biotin 
medium can be replaced by asparagine or more effectively by 
peptides of asparagine, but not by aspartic acid. The rate of 
enzyme synthesis is increased in the presence of biotin and an 
asparagine peptide indicating that these supplements are forming 
a limiting intermediate, most probably a 4 carbon unit, by inde- 
pendent pathways. The stimulation of enzyme synthesis by 
biotin is inhibited by aspartate, whereas the stimulation by gly- 
cylasparagine is not. These results indicate that aspartate is 
either repressing the formation of or inhibiting the activity of an 
enzyme which is necessary for the formation of the 4 carbon 
unit. In contrast, cells grown on a biotinless oleate medium 
can utilize aspartate for the synthesis of the malic enzyme. Pre- 
incubation in the induction medium of cells grown on low biotin 
medium allows these cells to utilize aspartate for enzyme synthe- 
sis. Therefore, what appeared to be a role of biotin in the syn- 
thesis of the malic enzyme results from the inability of the cells 
under certain conditions to utilize exogenously supplied aspartate 
as a source of 4 carbon unit. The direct role of biotin appears 
to be in the biogenesis of a 4 carbon unit. 
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A number of unsaturated analogues have been found to be 
effective competitive antagonists of natural amino acids (1, 2). 
Among such analogues, 2-amino-3-methy]-4-pentenoic acid has 
recently been prepared in the form of a mixture of the dias- 
tereoisomers, w-dehydroisoleucine and w-dehydroalloisoleucine 
(3). Several attempts to separate this isomeric mixture with 
methods which were successful for the separation of isoleucine 
and alloisoleucine failed to yield the desired products. In view 
of the potent inhibitory activity of the mixture of diastereoiso- 
mers, the preparation of each of the pure isomers by an indirect 
synthesis was accordingly undertaken. 

The synthesis of 2-amino-3-methy]l-4-pentynoic acid with a 
configuration corresponding to alloisoleucine has been reported 
(4), and a partial hydrogenation of this compound would afford a 
method of obtaining w-dehydroalloisoleucine. However, in the 
method of synthesis of 2-amino-3-methy]-4-pentynoic acid herein 
reported, a mixture of both of the diastereoisomeric forms of the 
acetylenic derivatives was obtained. Subsequent fractional 
recrystallization of the mixture separated the isomers into the 
two racemic forms. Partial hydrogenation of the appropriate 
triple bond compound produced either w-dehydroisoleucine or 
w-dehydroalloisoleucine, and complete hydrogenation yielded the 
anticipated bi- isoleueine or pt-alloisoleucine. The ethylenic 
aut logues are more effective growth inhibitors than the acetylenic 
deriviatives for Escherichia coli, but for Lactobacillus arabinosus 
the relative inhibitory activity depends upon whether the 
antagonism of isoleucine or of valine is being determined. 
Under appropriate conditions, antagonism of both isoleucine and 
valine by these analogues can be demonstrated with both 
organisms. 


EXPERIMENTAL PROCEDURE! 
Microbial Assays 


For the growth assays with Escherichia coli 9723, a previously 
described inorganic salts-glucose medium was employed (5), and 


*This investigation was assisted by a United States Public 
Health Service research grant (CY-5779) from the National In- 
stitutes of Health, Public Health Service. 

t Predoctoral Fellow (GF-10,364-Cl) National Institutes of 
Health, United States Public Health Service. 

All melting points are uncorrected. The authors are deeply 
indebted to Dr. J. M. Ravel and Mrs. Jean Humphreys for assist- 
ance with the microbial assays and to Charles Hedgeoth and J. 
D. Glass for the elemental analyses. All of the paper chromato- 
graphic data were obtained with the ascending technique in the 
solvents indicated, and the chromatograms were developed with 
ninhydrin reagent. The ninhydrin used for the quantitative 


the procedure has been reported in detail elsewhere (6). For 
the growth inhibition and metabolite reversal studies with Lacto- 
bacillus arabinosus 17-5, a previously described amino acid me- 
dium (7) was modified by adjusting the concentration of pL-iso- 
leucine or pL-valine or both, as indicated in the tables. Calcium 
pantothenate was present at a concentration of 100 ug per ml in 
the vitamin supplement. The differential growth assays for iso- 
leucine and alloisoleucine were carried out with both Streptococcus 
faecalis 8043, which responds only to isoleucine (8), and L. 
arabinosus, which responds to both isoleucine and alloisoleucine 
in the above described medium containing the normal concen- 
tration of valine. The L. arabinosus assays were incubated at 
30° and those with E. coli and S. faecalis at 37°. Each of the 
assays was incubated for approximately 16 hours. 

In all assays the analogues were dissolved in sterile water 
and added aseptically to the sterile assay tubes without being 
heated. The amount of growth was determined turbidimetri- 
cally in terms of galvanometer readings adjusted such that 
distilled water reads 0 and an opaque object, 100. 

Organic Syntheses 

Organic Intermediates—3-Butyn-2-0l was purchased from 
Farchan Research Laboratories, and the ethyl formamidomal- 
onate was obtained from Southeastern Biochemicals, Inc. 2- 
Bromo-3-butyne was prepared by adding, over a 2-hour period, a 
mixture of 46 g of 3-butyn-2-ol and 3 ml of pyridine to an ice-cold 
sample of 75 g of phosphorous tribromide containing a few milli- 
grams of hydroquinone. The reaction mixture was then placed 
in a refrigerator for approximately 6 days during which time the 
originally homogenous solution yielded two phases. The product 
was finally twice distilled to yield 41 g of material; b.p., 51° (180 
mm). The refractive index was in agreement with the literature 
value (9, 10). 

Ethyl 2-formamido-2-(1-methy]-2-propynyl)malonate was pre- 
pared by adding 15 g of ethyl formamidomalonate to a reaction 
mixture of 1.9 g of sodium in 50 ml of ethanol followed by a drop- 
wise addition of 13 g of 2-bromo-3-butyne. The resulting solu- 
tion was heated under reflux for approximately 15 hours and 
cooled; the sodium bromide was removed by filtration, and the 
clear filtrate was evaporated to dryness in a vacuum. The 
residue was dissolved in chloroform and filtered, and the solvent 
was again removed in a vacuum. The residue was then dis- 
solved in approximately 40 ml of hot ethanol and allowed to 
stand in a refrigerator overnight. There were recovered 4 g of 


assays was purchased from Pierce Chemical Company, Rockford, 
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RECRYSTALLIZED 


RECRY$TALLIZED 2 TIMES 


Fig. 1. Fractional] recrystallization scheme 


product which, after recrystallization from ethanol-water, had a 
melting point of 97-98° and gave the anticipated elemental 
analysis; reported m. p., 97-98° (4). 
2-Amino-3-methyl-4-pentynoic Acids—An 11.8-g sample of 
ethyl was heated 
under reflux in the presence of 50 ml of 10% hydrochloric acid for 
approximately 5 hours. The reaction mixture was evaporated to 
dryness in a vacuum, two successive 15-ml] portions of water were 
added, and the mixture was evaporated to dryness in a vacuum 
after each addition. The resulting residue was finally dissolved 
in 50 ml of water and allowed to stand overnight in the presence 
of 30 g of Dowex 3 resin. The mixture was then filtered, and 
the resin was washed repeatedly with water. The combined 
aqueous filtrates were evaporated to dryness to yield 4.8 g of 
light yellow product; m.p., 182-189° (decomposition point). 
Catalytic reduction of this material produced a sample which, on 
the basis of differential microbiological assays, appeared to con- 
tain approximately equal parts of isoleucine and alloisoleucine. 
The two diastereoisomeric forms of the acetylenic amino acids 
were subsequently separated by fractional crystallizations. 
Acid (Alloisoleucine 
Analogue)—With the use of a systematic fractional crystallization 
scheme (12), 4.7 g of the diastereoisomeric mixture of 2-amino-3- 
methy]-4-pentynoic acids isolated above were recrystallized from 
ethanol-water mixtures as indicated in Fig. 1. Reerystallization 
of 1 from 16.6 ml of 50% ethanol-water gave 1.25 g of crystals 
2a; m.p., 208° (decomposition point). Crystals 2a were re- 
crystallized from water-ethanol (6.5:10) to produce 0.76 g of 
crystals 3a; m.p., 215° (decomposition point). Crystals 3a were 
recrystallized from water-ethanol (3.5:7) to yield 0.57 g of 
product 4a; m. p., 216-221° (decomposition point). The latter 
fraction 4a was chromatographically pure in several solvent 
systems, and exhaustive catalytic reduction produced a sample 
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which was biologically identical with pt-alloisoleucine as in- 
dicated by microbial assays with L. arabinosus and S. faecalis, 


NO: 
Calculated: C 56.68, H 7.13, N 11.02 
Found: C 5645, H 7.23, N 11.05 


Erythro- pt-2- Amino-3-methyl-4-pentynoic Acid (Isoleucine 
Analogue)—The threo form isolated above was the least soluble 
fraction in the ethanol-water recrystallization scheme presented 
in Fig. 1. The more soluble fractions were recovered by dissoly- 
ing the various residues in the minimal amount of water and 
adding ethanol to induce crystallization. The compositions of 
the various crystalline fractions were subsequently determined 
through catalytic reduction to isoleucine or alloisoleucine or both 
followed by microbial assay. After about fraction 6, no further 
separation of the erythro form could be accomplished with 
ethanol-water, and the solvent system was then changed to 
dioxane-water as indicated in Fig. 1. The ethanol-water frac- 
tions, 6b, 6c, 6d, and 7, were recrystallized from dioxane-water 
after combining the various residues in the manner indicated in 
Fig. 1. There was ultimately recovered in fraction 8 0.66 g of 
product (m.p., 206-209°; decomposition point) which upon 
catalytic hydrogenation produced only D- isoleueine as indicated 
by microbial assays with L. arabinosus and S. faecalis. 


CH, NO: 
Calculated: C 56.68, H 7.13, N 11.02 
Found: C 56.76, H 7.36, N 10.92 


pi-2-A mino-3-methyl-4-pentenoic Acid (w-Dehydroisoleucine)— 
With palladium on calcium carbonate which had been treated 
with lead as a catalyst (12), 450 mg of erythro-2-amino-3-methy]- 
4-pentynoic acid were treated with hydogen in the presence of 100 
ml of methanol at room temperature and atmospheric pressure 
until 1 mole equivalent had been absorbed. The catalyst was 
filtered and washed with methanol, and the combined filtrates 
were evaporated to dryness in a vacuum to yield 430 mg of ma- 
terial. Paper chromatographic analysis indicated that this 
reaction product was contaminated with the fully hydrogenated 
product, isoleucine, as well as with some unhydrogenated 
starting material. Fractional recrystallization from ethanol- 
water removed the acetylenic compound, but column chroma- 
tography was required to separate w-dehydroisoleucine from the 
isoleucine contaminant. 

A 53-mg sample of the mixture dissolved in 1 ml of ammonium 
formate, pH 3.1, was placed on a 9 X 760 mm column prepared 
from 60 g of Dowex 50-2X resin which had been thoroughly 
washed with 0.2 N ammonium hydroxide and then equilibrated 
with 0.2 m ammonium formate buffer (13). The column was 
then eluted with ammonium formate, pH 3.1, at a flow rate of 
12 to 16 ml per hr, and 2- to 4-ml fractions were collected. The 
ninhydrin-positive fractions were taken to dryness in a vacuum 
and assayed quantitatively by the method of Moore and Stein 
(14). The w-dehydroisoleucine was eluted from the column in 
the fractions between 90 and 120 ml of eluate, and the isoleucine 
was obtained in the fractions between 130 and 160 ml of eluate. 
After reduction to dryness, the residue containing w-dehydro- 
isoleucine was heated in a vacuum at 55° for approximately 12 
hours to remove the ammonium formate. There were obtained 
28 mg of product which were recrystallized from ethanol-water 
for elemental analysis; m. p., 217-218° (decomposition point). 
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C,H:,:NO, 
Calculated: C 55.79, H 8.58, N 10.85 
Found: C 55.47, H 883, N 10.93 


Catalytic reduction of a sample of the above amino acid 
followed by microbial assays with S. faecalis indicated that the 
hydrogenated product was pDL-isoleucine. 

pi-2-Amino-3-methyl-4-pentenoic Acid (w-Dehydroalloiso- 
leucine) This isomer was prepared by the technique described 
above with 350 mg of threo-2-amino-3-methy]-4-pentynoic acid. 
After 1 mole equivalent of hydrogen had been absorbed the 
catalyst was removed, and the filtrate was reduced to dryness in a 
vacuum to yield 330 mg of material, which was recrystallized 
twice from water-ethanol. The material was nonhomogenous as 
indicated by paper chromatography, and the desired product was 


ultimately obtained through ion exchange column chromatog- 


y. 
With the use of the same chromatographic procedure as 
indicated above for w-dehydroisoleucine, 78 mg of material were 
charged to the column, and w-dehydroalloisoleucine was re- 
covered between 90 and 115 ml of eluate; the alloisoleucine 
contaminant was recovered between 120 and approximately 150 
ml of eluate. The combined fractions containing the w-dehydro- 
alloisoleucine were reduced to dryness, and the residue was heated 
in a vacuum at 55° for approximately 12 hours to yield 39 mg of 
crystalline material, which, after recrystallization from ethanol- 
water, had a melting point of 221-222 (decomposition point). 


Calculated: C 55.79, H 8.58, N 10.85 
Found: C 55.47, H 8.61, N 11.00 


Catalytic reduction of the product followed by microbial 
assays with L. arabinosus and S. faecalis indicated that) the 
hydrogenated material was pi-alloisoleucine. 


RESULTS AND DISCUSSION 
The syntheses of the 4,5-dehydrogenated analogues cor- 
responding to pt-isoleucine and bl-alloisoleueine containing 
either an acetylenic or an ethylenic grouping were carried out in 
the indicated fashion: 


COOC- H. 
H—C=C—CH—Br — (V) 
Cu, Coocit 
1. Hydrolysis and decarboxylation 
2. Fractional crystallization 
H—C=C CH; 
éH—cH—CooH (I) éH—cH—COoH (II) 
Cn. NH; H—C NH, 
Pd(Pb) | H: u. 
H:C=CH CH; 
H—CH—COOH (II) éH—CH—CooH (IV) 
H; NH, H:C=CH NH: 
DL-w-Dehydroisoleucine -Dehydroalloisoleucine 


The stereochemical structures of the four products, I, II, 
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Under the experimental conditions herein described, the hy- 
drolysis and decarboxylation of the formamidomalonic ester 
intermediate gave a mixture of approximately equal amounts of 
the two diastereoisomers corresponding to isoleucine and alloiso- 
leucine; whereas, a previously reported procedure yielded a 
reaction hydrolysate in which only the isomer corresponding in 
configuration to alloisoleucine was detected (4). Subjection of 
this mixture of diastereoisomers to systematic fractional crystal- 
lization resulted in the separation of both the erythro (I) and the 
threo (II) forms of 2-amino-3-methyl-4-pentynoic acid? The 
identity of the diastereoisomers was established by conversion 
of the isomers to the corresponding saturated amino acids by 
catalytic hydrogenation and subsequent microbial assays of the 
hydrogenated products with L. arabinosus, which responds to 
either isoleucine or alloisoleucine and S. faecalis, which responds 


to isoleucine but not to alloisoleucine (8). 
Te corresponding 2-amino-3-methyl-4-pentenoic acids were 
by hydrogenation of the appropriate acetylenic 
analogue in the presence of a lead-treated palladium catalyst. 
Although only 1 molecular equivalent of hydrogen was absorbed, 
the reaction mixtures from both isomers contained not only the 
anticipated pentenoic acid but also some unreacted pentynoic 
acid as well as some of the completely saturated product. The 
desired olefinic amino acids, however, could easily be separated 
from the other materials by crystallization and ion exchange 
chromatography on Dowex 50 resin. w-Dehydroisoleucine 
(III) and w-dehydroalloisoleucine (IV) were isolated in this 
manner and recrystallized, and their configurations were con- 
firmed by complete catalytic hydrogenation to the saturated 
amino acids and subsequent microbiological assays for isoleucine 
and alloisoleucine. 

In a study of the biological properties of these unsaturated 
amino acids, the two diastereoisomeric forms of 2-amino-3- 
methyl]-4-pentenoic acid were found to be about equally effective 
in inhibiting the growth of E. coli in an inorganic salts-glucose 
medium, i.e. they were toxic at approximately 1 to 2 ug per ml. 
In contrast, the isomers of 2-amino-3-methy]-4-pentynoie acid are 
appreciably less effective as growth inhibitors; the erythro form 
prevents growth of E. coli at a concentration of approximately 
10 ug per ml, and the threo form is toxic only at a level of 50 ug 
per ml. 

The effects of supplements of isoleucine, valine, and a mixture 
of the two natural amino acids upon the amount of w-dehydro- 
isoleucine and w-dehyroalloisoleucine necessary for inhibition of 
growth of E. coli were determined, and the results are indicated 
in Fig. 2. Although neither isoleucine nor valine alone reverses 
the toxicity of the diastereoisomers in a competitive manner, a 
mixture of isoleucine and valine do competitively reverse both 
w-dehydroisoleucine and w-dehydroalloisoleucine with inhibition 
indices (ratio of analogue to substrate just necessary for inhibition 
of growth) of approximately 2 over a 50-fold range in concentra- 
tions. Thus, it is apparent that either diastereoisomer is an 
antagonist of both isoleucine and valine. In the presence of high 
concentrations of isoleucine, the toxicities observed would be 
III, and IV, were established through catalytic hydrogenation of 
the appropriate unsaturated analogue to either isoleucine or 
alloisoleucine. The a-amino and g- methyl group of isoleucine 
are reported to be in an erythro configuration (15, 16); and thus, 
the stereochemistry of the corresponding alloisoleucine analogues 
may be designated as threo configurations. These stereochemical 
conventions are used throughout this article for the correspond- 
ing unsaturated analogues. 
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2-AMINO-3- METHYL -4- 2-AMINO-3-METHYL -4- 
PENTENOIC ACID PENTENOIC ACID 
(w-Dehydroisoleucine) (w-Dehydroalloisoleucine) 
100 109 
so} 
~ 
8 
8 60r MGE S0T ISOLEUCINE 
z= | VALINE VALINE 
8 8 VALINE 7 
8 8 407 40 
2 20 — — 
0 10 20 30 40 50°0 30 40 50 


CONCENTRATION OF AMINO ACID, 
Fic. 2. Reversal of toxicities of erythro- and threo-2-amino-3-methyl-4-pentenoic acids by isoleucine or valine or both in Esch- 


erichia coli. 


TABLE I 
Reversal of toxicities of 2-amino-3-methyl-4-pentynoic acids for 
Escherichia coli 9723 by isoleucine or valine or both 


y fu. 


TABLE II 
Comparative inhibitory activities of some C. mino acids on valine 
and isoleucine utilization in Lactobacillus arabinosus 17-64 


Amino acid supplement (ag / ml) 
erythro-2-Amino-3- threo-2-Amino-3- 
| 
Ac 
None 10 50 
pu-Valine | 
10 20 100 
20 20 100 
| 
pL-Isoleucine 
10 | 100 | 200 
20 100 200 
pL-Isoleucine + pL-valine 
10 100 200 
20 | 200 500 
50 | 500 1000 


* Inorganic salts-glucose media used for these assays (5). 


primarily due to an inhibition of valine utilization; thus, as 
indicated in Fig. 2, the two isomers are about equally effective as 
valine antagonists. However, in the presence of high concen- 
trations of valine, which would cause the isoleucine antagonism 
to be the primary effect, w-dehydroisoleucine is appreciably more 
inhibitory than w-dehydroalloisoleucine ; this is an indication that 
the former analogue is the more effective isoleucine antagonist. 

The isomeric 2-amino-3-methyl-4-pentynoic acids also require 
both isoleucine and valine for a competitive reversal of growth 
inhibition of E. coli as indicated in Table I. The inhibition 


Inhibition index? 
Inhibition of | Inhibition of 
isoleucine® valine? 
erythro-2-Amino-3-methy]-4-pentenoic 
threo-2-Amino-3-methy]l-4-pentenoic 
erythro-2-Amino-3-methyl-4-pentynoic 
5, 10 20 
threo-2-Amino-3-methy]-4-pentynoic 
ĩ 50, 100 1015 
Dbl.-Alloisoleuei ne | 50-100° 


This organism requires both isoleucine and valine for growth. 
Valine and isoleucine were omitted from previously described 
basal medium (7) and added as indicated; L-glutamic acid con- 
centration increased to 100 yg per ml. 

> Ratio of concentration of analogue to that of metabolite just 
necessary for prevention of visible growth during 16 hours incuba- 
tion at 30°. 

¢ Determined over a range of concentrations of isoleucine varied 
from 5 to 50 ug per ml in the presence of 200 ug per ml of valine. 
Inhibition index increased slightly with increases in concentration 
of isoleucine; the two values represent the inhibition index at the 
lowest and highest concentration of isoleucine, respectively. 

I Determined over a range of concentrations of valine varied 
from 5 to 50 ug per ml in the presence of 200 ug per ml of isoleucine. 

Actual inhibition index lies between two indicated values. 


indices as determined with equal amounts of isoleucine and valine 
are approximately 10 for the erythro form and 20 for the threo 
isomer. Since isoleucine alone is more effective in reversing the 
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toxicity of either analogue than is valine, the primary effect 
appears to be that of isoleucine antagonism. As an isoleucine 
antagonist, the erythro isomer, with a configuration similar to 
that of isoleucine, is approximately 5 times as effective as the 
threo isomer, whose configuration corresponds to alloisoleucine. 
The erythro isomer is only approximately twice as effective as a 
valine antagonist, as indicated by the relative inhibitory activ- 
ities in the presence of supplements of isoleucine. 

For comparative purposes, the inhibitory properties of these 
four unsaturated diastereoisomers were studied with respect to 
their relative effects in antagonizing isoleucine and valine utiliza- 
tion in Lactobacillus arabinosus 17-5, an organism which requires 
both isoleucine and valine for growth (17). As indicated in 
Table II, w-dehydroisoleucine is an effective antagonist of iso- 
leucine with an inhibition index of 2 at the lower concentrations 
and approximately 5 at the higher concentrations of isoleucine. 
This enhanced reversal by isoleucine at the higher concentration 
levels was also noted with all of the other 4, 5-dehydrogenated iso- 
leucine analogues in this organism. w-Dehyroalloisoleucine is 
only approximately one-third as effective as w-dehydroisoleucine 
in antagonizing isoleucine utilization, which suggests that some 
steric specificity exists for optimal enzymic binding. The 
acetylenic analogue of isoleucine, erythro-2-amino-3-methy]-4- 
pentynoic acid, is only approximately one-half as effective as 
w-dehydroisoleucine in this organism; this is an indication that 
steric hindrance results from the restriction of the terminal 
carbon-carbon triple bond and the g- carbon to a linear position, 
unless the presence of the triple bond in the molecule interferes 
with binding on the surface due to electrostatic effects. Chang- 
ing the configuration on the g- carbon of this acetylenic ¢ derivative 
to form the isomeric threo-2-amino-3-methyl-4-pentynoic acid 
decreases the enzymic binding ability 10-fold (Table II). Al- 
though none of these changes in structure of the analogues 
prevent enzymic binding completely, the introduction of a threo 
configuration on the 8-carbon in addition to the presence of the 
triple bond results in an appreciable decrease in binding ability 
with the enzymic site essential for isoleucine utilization. 

The abilities of these four unsaturated analogues to antagonize 
valine utilization in L. arabinosus are compared with the an- 
tagonistic activities of isoleucine and alloisoleucine in Table 
II. The most effective antagonist is w-dehydroalloisoleucine, 
which inhibits valine utilization with an inhibition index of 5 
to 10. w-Dehydroisoelucine is only approximately one-fourth to 
one-half as effective, which suggests that in this organism the 
enzymic site occupied by the isopropyl group of valine is not 
symmetrical. In addition, since both erythro configurations of 
the unsaturated amino acid analogues are equivalent in activity 
(and are less active than the corresponding threo derivatives in 
both instances), it appears that the site of attachment of the 
methyl group in valine corresponding in configuration to the 
methyl group of isoleucine is less sterically restricted than the 
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other methyl grouping of valine. These comparative inhibitory 
effects are more apparent in the ethylenic analogues in which the 
angle between the ethylenic grouping and the 8-carbon lies in 
between that for the corresponding angle in the saturated deriva- 
tives (isoleucine and alloisoleucine) and the 180° angle in the 
acetylenic analogues. The saturated analogues are appreciably 
less effective than any of the four unsaturated derivatives in 
competing with the enzymic site associated with valine utiliza- 
tion. 

The relative biological activities of these enalagues give 
evidence of the geometry of the enzymic site associated with the 
utilization of valine. 


SUMMARY 


Both diastereoisomeric forms of 2-amino-3-methyl-4-pentynoic 
acid were obtained through a fractional recrystallization of the 
racemic amino acid mixture formed from alkaline hydrolysis of 
the condensation product from 2-bromo-3-butyne and ethyl 
formamidomalonate. Controlled catalytic hydrogenation of 
these isomers produced the corresponding ethylenic amino acids, 
w-dehydroisoleucine and w-dehydroalloisoleucine. With Esch- 
erichia coli 9723 and Lactobacillus arabinosus 17-5 as the 
assay organisms, the relative activities of these analogues as 
isoleucine and valine antagonists were determined. 
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Hydroxyproline Metabolism 
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In a general description of the inducible utilization of hydroxy- 
proline isomers by Pseudomonas striata (1), it was reported that 
hydroxy-L-proline is converted to a-ketoglutarate in sonic 
extracts of cells grown on hydroxy-t-proline. The first and 
second steps in this pathway seemed to be respectively, the 
conversion of hydroxy-L-proline to allohydroxy-p-proline by a 
soluble enzyme and the oxidation of allohydroxy-p-proline by an 
oxidase present in a particulate fraction of the extracts. 

Some of the properties of the oxidase, as well as evidence that 
the first oxidation product is A'-pyrroline-4-hydroxy-2-carboxylic 
acid, were briefly presented in the earlier paper (1). The present 
paper describes this enzyme in greater detail, together with 
evidence for the linkage of the oxidation reaction to cytochrome 
reduction, and the detection and assay of the reaction with 
phenazine methosulfate as electron acceptor. 


EXPERIMENTAL PROCEDURE 


Enzyme preparations were derived from the strain of P. 
striata described earlier (1). The following compounds were 
obtained commercially as noted: hydroxy-Lproline and allohy- 
droxy-D-proline (California Corporation for Biochemical Re- 
search), pyridine and flavin nucleotides, and phenazine metho- 
sulfate (Sigma Chemical Company), hog kidney p- amino 
oxidase as a desiccated acetone powder (Viobin Corporation), 
pyrrole-2-carboxylic acid (K and K Laboratories), crystalline 
catalase, o-dianisidine, and horseradish peroxidase (Worthington 
Biochemical Corporation). pb-Amino acids were obtained as 
noted earlier (1). Allohydroxy-t-proline was a sample syn- 
thesized earlier (3) and hydroxy-p-proline was a sample prepared 
in Dr. J. P. Greenstein’s laboratory (4) and obtained through 
the kindness of Dr. M. Winitz. Antimycin A, sodium amytal, 
dicoumarol and vitamin K, were gifts of Dr. M. M. Weber. 

Oxygen uptake measurements were made with conventional 
Warburg manometers. Spectrophotometric measurements were 
made with a Beckman model DU spectrophotometer, a Photo- 
volt Lumetron colorimeter or a Cary model 11 recording spectro- 
photometer. Ascending paper chromatography was carried out 
routinely with Whatman No. 1 paper. Protein was measured 


*Supported by research grants from the National Science 
Foundation (G-5207) and the U. S. Public Health Service (E-2444 
and RG-7192). 

t Paper I of this series concerns the over-all pathway of bac- 
terial degradation of hydroxy-.-proline to a-ketoglutarate (1), 
and papers II-IV describe early steps in the mammalian metabo- 
lism of hydroxy-L-proline (2). 

t Present address: Department of Medical Chemistry, Univer- 
sity of Kyoto, Kyoto, Japan. 


turbidimetrically (5). Other procedures are described in the 
text or in a previous publication (1). 


RESULTS 


Preparation of Enzyme—P. striata was carried on stock 
slants of trypticase soy agar (Baltimore Biological Laboratory) 
at 25° to 30°. For enzyme preparations, bacteria were grown in 
mineral media of the composition noted earlier (1), containing 
0.2% hydroxy-t-proline and 0.05% yeast extract (Difco) as the 
only organic additions to a phosphate-buffered solution. Two- 
liter flasks containing 1 liter each of medium were inoculated 
with cells washed from several slants and shaken at 28° in a 
New Brunswick flask shaker. The growth period was 12 to 18 
hours; final turbidity, measured by absorbancy (1 em light path) 
at 650 my, ranged from 0.8 to 1.9. Cells were harvested in a 
continuous flow centrifuge (Lourdes), and were washed twice 
with dilute salt solution (0.25% in both KCl and NaCl). Cell 
pellets retained enzyme activity after storage for several months 
at —15°. The pellets were homogenized in 5 volumes of cold 
water and extracts were made from 30 to 60 ml of suspension by 
sonic lysis for 10 minutes in an ice water-cooled 10 ke Raytheon 
cup. Neither the period of growth, final turbidity of the culture, 
nor time of exposure to sonic vibration appeared to have marked 
or consistent effects on the activity of the enzyme preparations. 
The sonic extract was centrifuged at 25,000 x g for 30 minutes 
(Lourdes refrigerated centrifuge or Spinco model L). The 
pellet, containing only about one-tenth the enzyme activity of 
the final fraction, was discarded and the supernatant fluid was 
centrifuged at 105,000 x g for 90 minutes (Spinco model I., 
40,000 r.p.m.). The resulting brown gelatinous pellets were 
washed once (by resuspension in cold water and recentrifugation 
at 105,000 x g for 90 minutes) and the washed material, which 
constituted the routine source of enzyme, was stored at —15˙ 
until use; it showed variably reduced activity after storage for 
several months. For preparation of enzyme suspensions, the 
pellets were mechanically homogenized in a volume of cold water 
equal to that of the original sonic extract. 

Assay Allohydroxy-p-proline Oxidase — Several assay 
methods were applicable, including the measurement of 0; 
uptake or the reduction of one of several dyes, as discussed in 
detail below. For routine assays, the method adopted was 
measurement of the product of the reaction, A'-pyrroline-+ 
hydroxy-2-carboxylate, as pyrrole-2-carboxylate after its con- 
version to the latter compound by acid. Samples of enzyme 
were shaken in a Dubnoff-type incubator at 30° in 20 ml beakers 
containing a solution of 0.05 M glycine (pH 9) and 0.01 X allohy- 
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droxy- D- proline in a final volume of 1 to 2 ml. The reaction was 
stopped by addition of several volumes of ethanol, any precipitate 
was removed by centrifugation, and the supernatant solution 
was assayed for pyrrole-2-carboxylate by a modification of the 
Neuman-Logan (6) procedure for hydroxyproline, as follows. 
To aliquots of the supernatant solution diluted with water to 0.5 
ml were added 2.0 ml of 5% p-dimethylaminobenzaldehyde in 
n-propanol, followed by 5.0 ml of 3 M H,SO,. The reaction 
mixtures were shaken thoroughly, incubated for 5 minutes in a 
70° water bath, and the absorbancy was measured at 550 muy. 
Standard solutions of pyrrole-2-carboxylate gave proportional 
color yields in the range of 0 to 0.1 wmole per sample analyzed 
and samples from the enzyme incubation mixtures were diluted 
when necessary to fall in this range. 

In the presence of only the glycine buffer and substrate, the 
homogenized pellets catalyzed the formation of 0.5 to 1.0 umole 
of pyrrole carboxylate per hour per milligram of protein, and the 
reaction showed linearity with time and enzyme concentration. 
With the addition of certain divalent cations, discussed below, 
the rate of the reaction increased by a factor of two to five, 
yielding up to 8 wmoles of product per milligram of protein per 
hour. Addition of phenazine methosulfate (with omission of 
added metal ions) further increased the reaction rate to values 
approaching 30 moles per milligram of protein per hour. 
Linearity of reaction rate with enzyme concentration is shown 
for incubations without additions and with phenazine metho- 
sulfate (Fig. 1). 

Inducibility of Enzyme—The relation between enzyme activity 
and the hydroxyproline content of the growth medium was 
investigated with L-glutamate or Lproline (Sigma Chemical 
Company, hydroxyproline- free“) as the growth substrate, 
supplemented with varying quantities of hydroxy-L-proline 
(Table I). Cultures grown on L-glutamate alone yielded no 
detectable enzyme, but measurable activity appeared after 
growth in glutamate media containing initially as little as 
0.001% hydroxy-L-proline. In earlier experiments with ordi- 
nary commercial L-proline (contaminated with 1 to 2% hydroxy- 
proline) the possible inducer action of proline alone could not be 
assessed. Chromatographically purified L-proline, however, 
appeared to induce low levels of enzyme, higher than those 
attributable to the maximum possible contamination with 
hydroxyproline. 

Distribution of Oxidase in Centrifugal Fractions Although 
small amounts of enzyme were detectable in the fraction of sonic 
extract sedimented at 25,000 X g for 30 minutes, the bulk of the 
enzyme, assayed without phenazine methosulfate, was obtained 
in the fraction sedimented at 105,000 X g for 90 minutes. No 
selective fractionation of enzyme was observed when the super- 
natant fluid obtained at 25,000 X g was centrifuged further (90 
minutes in each case) to bring down material sedimenting in five 
successive fractions at increasing multiples of g between 25,000 
and 105,000. When time of centrifugation was varied (Fig. 2), 
the results similarly indicated no sharp fractionation of enzyme, 
and suggested that the bulk of the oxidase could be sedimented 


Paper chromatography of concentrated solutions of this prep- 
aration of L-proline, with appropriate internal controls, indicated 
no detectable hydroxyproline, i.e. a contamination of less than 
0.1%. Growth media with 0.2% 1-proline, therefore, contain less 
than 0.0002% hydroxyproline, but induce enzyme at a level 
ig equal to that induced by 0.001% hydroxy-L-proline (Table 
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Fig. 1. Activity of allohydroxy-p-proline oxidase as assayed 
with and without phenazine methosulfate. The phenazine assay 
represents only a 15-minute incubation period, as contrasted with 
an incubation period of 2 hours without additions. Activity is 
expressed as micromoles of pyrrole-carboxylate formed per milli- 
liter of incubation mixture and protein as milligrams per milliter 
of incubation mixture. Phenazine methosulfate was added at 
250 wg per ml. 


TaBLeE I 
Inducibility of allohydrozy-p-proline oxidase 
Cells were grown in mineral media containing the amino acids 
shown and 0.05% yeast extract as the only organic additions. 
The proline used was chromatographically purified and contained 
less than 0.1% hydroxyproline, as noted in the text. In each case 
0.3 ml of enzyme suspension prepared from washed pellets was 
added per ml of incubation mixture, and the assay was done in the 
presence of phenazine methosulfate. 


Amino acid additions 
Protein Activity“ 
liter mg/ml 

Glutamate, 0.2%........... 3.1 0 
Glutamate, 0.2% + Hy- 

droxy- L- proline, 0.001%. . 2.9 1.8 
I- Proline, 0.20% 3.4 9.6 1.8 
I- Proline, 0.2% + Hy- 

droxy-L-proline, 0.002% 3.2 9.6 2.5 
- Proline, 0.2% + Hy- 

droxy-L-proline, 0.02%. . . 3.6 9.3 5.8 
L-Proline, 0.2% + Hy- 

droxy-t-proline, 0.2%. . .. 5.1 9.8 8.4 
Hydroxy-t-proline, 0.2%. . . 3.1 7.9 8.0 


* umoles of pyrrole-2-carboxylate per milliliter formed in 15 
minutes. 


by centrifugation for 90 minutes. Assays with and without 
added Mgt+ gave approximately constant ratios for each frac- 
tion (Fig. 2). 

Stability of Oxidase—Although the enzyme activity of the 
ultracentrifugal pellet was generally stable for weeks during 
storage at —15°, when the pellet was homogenized in water and 
the suspension was stored at — 15°, enzyme activity was rapidly 
lost, usually about 50% in the first 24 hours. Addition of GSH, 
Mg“, glycine buffer (pH 9), riboflavin monophosphate or FAD 
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30 60 90 120 150 180 
MINUTES AT 105 .000 X ¢ 

Fic. 2. Enzyme and protein sedimented at increasing time of 
centrifugation. Sonic extract was centrifuged for 30 minutes at 
25,000 X g and separate samples of the supernatant solution were 
centrifuged at 105,000 X g for the times shown. Pellets obtained 
at the various times were resuspended in a constant volume of 
water (that of the sonic extract) and assayed in the presence and 
absence of 0.01 m MgCl» The two solid lines show enzyme ac- 
tivity in the presence and absence of Mg**; the dashed line is 
protein concentration. Enzyme activity and protein are ex- 


pressed as in Fig. 1. 


TABLE II 
Stoichiometry of oxygen consumption and pyrrole 
carboxylate formation 

In both experiments, the incubation mixtures contained, per 
milliliter, enzyme (approximately 4 mg protein), 50 umoles glycine 
(pH 9.0), 10 ymoles MgClo, 10 moles allohydroxy-p-proline and 
1700 units catalase; total volume 2ml. The center well of each 
Warburg flask contained 0.1 ml of 20% KOH. After a period 
during which O: consumption was measured, the reaction was 
stopped by adding 0.5 & HCl and samples were assayed for pyrrole 
carboxylate. Experiment A differs from B in utilizing 24-heur 
aged rather than freshly homogenized enzyme suspension. 


Experiment Incubation time O Pyrrole carboxylate 
min. pmoles/mi umoles/ ml 
A 30 0.23 0.52 
60 0.52 1.07 
60 0.45 1.08 
B 30 3.4 
30 1.64 | 3.5 


to the aqueous suspension, homogenization in KCI (0.1 u) or 
sucrose (0.4 M), failed to protect the enzyme activity of sus- 


pensions stored at -15°. For prolonged storage, therefore, the 
enzyme was kept as the supernatant-free, frozen, 105,000 X g 
pellet, homogenates being made for immediate use. 

Stoichiometry of Reaction—Comparisons of O: uptake and 
pyrrole carboxylate formation indicated a value of 2 for the 
molar ratio, (reaction product) / O; (Table II). This ratio was 
not changed either by omission of catalase from the incubation 
mixture or by omission of KOH from the center-well of the 
Warburg flask. 

In assays with phenazine methosulfate, the ratio of pyrrole 
product formed to O: consumed was similarly found to be 2, and 
was unaltered by addition of catalase and ethanol, used in an 
effort to trap peroxide. By contrast, in the presence of the 
phenazine dye, addition of the catalase-ethanol system to an 
incubation mixture containing crude p- amino acid oxidase in 
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III 


Stoichiometry of oxygen used and pyrrole carboxylate formed in 
presence of phenazine methosulfate 


The allohydroxy-p-proline oxidase incubations were carried 
out as described in Table II except that 0.01 u CaCl, was present 
in all flasks. p-Amino acid oxidase was added as a crude acetone 
powder extract and incubated with Tris buffer, 0.05 u, pH 8.3. 
Allohydroxy-p-proline was present in all cases at0.01 M. Catalase 
was added at a concentration of 5000 units per ml, ethanol at 
0.025 u, and phenazine methosulfate at 250 wg per ml. O: con- 
sumption in the p-amino acid oxidase flasks was measured until 
the reaction stopped. Other procedures were as in Table II. 


Enzyme baton Additions | 
min pmoles/ml 
Allohydroxy- 30 | None 1.9 3.4 
D-proline 30 | Catalase, ethanol 1.7 3.6 
oxidase 30 Phenazine methosul- | 2.3 4.8 
fate 
30 | Phenazine methosul- | 2.0 4.8 
fate, catalase, etha- 
nol 
p-Amino acid | 60 | None 2.2 5.4 
oxidase 90 | Catalase, ethanol 5.5 6.6 
50 | Phenazine methosul- | 3.0 4.6 
fate 
85 | Phenazine methosul- | 5.9 5.2 
fate, catalase, etha- 
nol 


place of the Pseudomonas enzyme reduced the ratio of pyrrole 
carboxylate formed to O: consumed toward the value 1 (Table 
III), as expected for the peroxidatic utilization of hydrogen 
peroxide. 

The quantitative conversion of allohydroxy-p-proline to pyr- 
role carboxylate was also demonstrable (Fig. 3) and indicated 
another difference between the properties of allohydroxy-p- 
proline oxidase and p-amino acid oxidase. In contrast, on 
repeated trial under varied conditions, using either crude or 
purified kidney p- amino acid oxidase, it has not been possible* to 
obtain quantitative yields of pyrrole carboxylate from allo- 
hydroxy-p-proline. 

Failure to Demonstrate Peroxide as Reaction Product—The 
2:1 ratio of product formed to oxygen consumed (in the absence 
of phenazine methosulfate) is consistent either with the action of 
a flavin-catalyzed oxidase coupled directly to oxygen (in which 
the resultant hydrogen peroxide is cleaved by catalase) or with a 
cytochrome-linked oxidase. The latter seemed more likely from 
the association of the oxidase with the brown small-particle 


* Unpublished observations by E. Adams and I. L. Norton. 
The failure to demonstrate stoichiometric conversion of allohy- 
droxy- p- proline to pyrrole-2-carboxylate by kidney p- amino acid 
oxidase is explained by the action of pyrrole carboxylate (and 
perhaps also of the intermediate A'-pyrroline-4-hydroxy-2-car- 
boxylate) as a powerful competitive inhibitor of the oxidase. 
In both our own observations and those published earlier (10) 
the value of K 7 for pyrrole-2-carboxylate was estimated to be 
approximately 10 f The bacterial oxidase, both because of 
its specificity and its capacity to catalyze a product-uninhibited 
reaction, is, therefore, potentially useful for the enzymatic assay 
of allohydroxy-p-proline. 
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fraction, and the failure of peroxide trapping conditions (Table 
III, lines I and 2) to alter the oxygen stoichiometry, conditions 
which were evidently effective (Table III, lines 5 and 6) with 
erude D-amino acid oxidase. 

This conclusion was further supported by another type of 
peroxide-trapping experiment, using added peroxidase and o- 
dianisidine. When allohydroxy-p-proline, enzyme and Mg“ 
were incubated in the presence of the peroxidase system (1 mg 
of horseradish peroxidase and 2.5 mg of o-dianisidine per milli- 
liter), no evidence for peroxide formation was noted. During 
such incubations, the oxidation of allohydroxy-p-proline was 
demonstrated by the appearance of pyrrole carboxylate. In 
contrast, addition of the peroxidase system to incubation mix- 
tures containing crude p-amino acid oxidase and p-alanine as 
the substrate produced a deep brown color with the spectrum 
of oxidized o-dianisidine. The absence of inhibitory components 
in the allohydroxy-p-proline oxidase system was demonstrated 
by the formation of comparable quantities of peroxide (measured 
by absorbancy of the oxidized dye at 410 m) when the p-amino 
acid oxidase system was incubated with the allohydroxy-p-proline 
oxidase system. 

Spectrophotometric Evidence for Cytochrome Reduction 
Initial qualitative experiments with a hand spectroscope sug- 
gested deepening of an absorption band at approximately 550 
mu when allohydroxy-p-proline was added to a concentrated 
suspension of enzyme in an evacuated Thunberg tube.“ Similar 
observations were made with evacuable Thunberg-type cuvettes 
in a recording spectrophotometer (Fig. 4). The typical reduced 
cytochrome spectrum that is seen after substrate addition is 
equivalent to that produced by hydrosulfite. The altered 
spectrum was not seen unless thorough exclusion of oxygen was 
accomplished by several cycles of evacuation and N--flushing. 

Although cytochrome reduction via particle-bound pyridine 
nucleotides could not be excluded, no evidence was found for the 
participation of added DPN or TPN in the oxidation of allohy- 
droxy-p-proline. Neither DPN nor TPN (approximately 0.01 
u) stimulated the reaction catalyzed either by the usual enzyme 
suspension or by a suspension that had been dialyzed against 
dilute glycine buffer. No pyrrole containing product was formed 
anaerobically after the addition of DPN, TPN, or both, together 
with lactic dehydrogenase and pyruvate. 


Reaction Product—Pyrrole-2-carboxylate has been identified as 


a product of the oxidation of allohydroxy-p-proline catalyzed 
either by kidney p-amino acid oxidase (7) or by allohydroxy-p- 
proline oxidase (1). In each case evidence has been cited sug- 
gesting that the pyrrole compound arises nonenzymatically from 


4 more immediate product, consistent in a number of properties 
with those expected for A'-pyrroline-4-hydroxy-2-carboxylate. 
As yet the participation of this postulated compound has not 
been rigorously proven. Re-examination of the bacterial system 
in the present studies again confirmed the formation of a com- 
pound with the spectral and chromatographic properties of 
pyrrole-2-carboxylate. In agreement with earlier results (I), 
the data of Table IV show that the amount of a compound with 
the absorption spectrum of pyrrole-2-carboxylate slowly in- 
* after the termination of enzyme incubations with dilute 

Other Substrates—Consistent with earlier observations on the 

We are indebted to Dr. V. Iwasaki and Dr. H. Gest of the 


Henry Shaw School of Botany, Washington University, for aid in 
the evaluation of these visual spectra. 
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Moies D-allohydroxyproline 
Fic. 3. Quantitative formation of pyrrole-2-carboxylate from 
allohydroxy-p-proline. To each incubation mixture (I ml con- 
taining 3 mg of protein, 0.05 u glycine, pH 9.0, and 0.25 mg of 
phenazine methosulfate) was added the amount of allohydroxy-p- 
proline indicated. After 30 minutes incubation at 25° the reac- 
tion was stopped by addition of 3 volumes of ethanol and diluted 
samples were assayed for pyrrole carboxylate. The line shows 

the theoretical quantitative conversion of substrate. 
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Fic. 4. Cytochrome reduction by substrate. The incubation 
mixture contained 0.05 m glycine, pH 9.4, 0.01 M CaCl, and enzyme 
(50 mg protein) in3 ml. After repeated evacuation and flushing 
with Ns, an initial spectrum (solid line) was obtained. The 
dotted line shown was obtained 9 minutes after addition of crystals 
of allohydroxy-p-proline, sufficient to yield a final concentration 
of 0.01 u. A less intense, but qualitatively similar, reduced 
curve was obtained at the earliest time observed (15 seconds) 
after adding substrate. The contents of the blank cell were 
similar in composition, but lacked substrate, contained somewhat 
less enzyme, and the cell was not evacuated. In separate experi- 
ments, comparable reduced spectra were obtained by the addition 
of sodium hydrosulfite in place of substrate. 


oxidation of other hydroxyproline isomers by less active enzyme 
preparations (1), allohydroxy-p-proline was the only isomer 
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TABLE IV 1 
Nonenzymatic formation of pyrrole-N-carborylate after ei 
enzyme incubation „ 
Allohydroxy-p-proline was incubated with enzyme at 35° in © tl 
0.05 u pH 9.0 glycine without MgCl, (A) or with 0.01 M MgCl: E 96. 
(B). After 60 minutes an aliquot was taken for colorimetric pyr- 2 p 
role carboxylate assay; the remainder was diluted 1 to 20 with 0.1 * 2 
HCl and kept at room temperature. At the times shown, the 2 0.4 
absorbancy at 266 ma was determined and the concentration of * te 
pyrrole carboxylate formed was calculated (ee = 15.1 X 10 Z 0.2: re 
cm?/mole in dilute acid (7)) from the increase over the correspond- ; al 
ing samples taken at the beginning of the enzyme incubation. As of 
reported earlier (1), the absorption spectrum of the enzymatic lay 
product was similar to that of authentic pyrrole-2-carboxylate. Ol 02 03 04 at 
Pyrrole carboxylate, determined colorimetrically immediately sine | Tl 
after the enzyme incubation, was found to be 0.5 umole per ml V MgCle th 
(A) and 1.2 wmoles per ml (B). Fic. 5. Activity of oxidase as a function of the concentration 
‘ of added Mg**. Washed ultracentrifugal pellet (0.2 mg of pro. 
Time after acidifyi Pyrrole carboxylate present tein per ml) was incubated for 30 minutes at 30°. Enzyme ge- 
incubation mixture : tivity is expressed as in Fig. 1. n 
A 
hours pmole/ml pmole/ml TABLE VI 
0 0.14 0 Influence of Mg** in growth medium on enzyme activity | 
4 0:29 0.47 Media were as described in the text, including 0.05% yeast ex- 04 
5. 5 0.27 0.53 tract. Addition of 0.1% MgCl. to the culture media prevented Al 
23 0.19 0.42 cell growth. ce] 
Enzyme activity“ 
Tasie v growth medium | Wet weight of cells — 
Specificity of oxidase for allohydrozy-p-proline 
The enzyme suspension (4 mg protein) was shaken with each % gm/liter 
hydroxyproline isomer (0.01 M) in 0.01 u glycine (pH 9.0) and 0.01 0 5.0 0.21 0.55 
M MgCl.. After oxygen consumption was measured for 70 min- 0.02 3.6 1.4 2.4 


utes, aliquots were removed for determination of pyrrole car- 
boxylate and evidence of a pyrroline product (o-aminobenzalde- 
hyde test (1)). 


Pyrrole Color with o- amino- 


pmoles/ml 
Allohydroxy-p-proline....... 0.78 1.7 Deep yellow 
Hydroxy-D-proline 0.1 0.15 Like blank 
Allohydroxy-L-proline 0 0 Like blank 
Hydroxy-L-proline 0 0 Like blank 


oxidized at an appreciable rate by the ultracentrifugal pellet 
(Table V). 

Certain other p-amino acids (p-alanine, p-serine and p-proline) 
were oxidized at variable rates by the ultracentrifugal pellet, 
although in all cases more slowly than allohydroxy-p-proline, 
ranging from one-tenth to one-half the rate with the latter sub- 
strate.‘ The growth substrate greatly influenced the rate of 
oxidation of other p- amino acids; growth on glucose yielded 
enzyme inactive with any p-amino acid. Enzyme derived from 


In an earlier study of substrate specificity using sonic ex- 
tracts (1), other p-amino acids gave only negligible rates of 
oxygen uptake relative to that observed with allohydroxy-p-pro- 
line. The discrepancy is perhaps attributable to the fact that in 
sonic extracts, the soluble enzymes present catalyze extensive 
further oxidation of the initial product of allohydroxy-p-proline, 
thus exaggerating the selectivity for this substrate as measured 


by oxygen uptake. 


*umoles pyrrole carboxylate formed per milligram of enzyme 
per hour. 

t These headings refer to MgCl, added to the enzyme assay 
vessel, 


hydroxyproline-grown cells was inactive with several L-amino 
acids. 

Metal Ion Activation—As noted above, several divalent metals 
(Mn++, Mg, Ca-“) stimulated the reaction assayed without 
phenazine methosulfate, leading to a 2- to 5-fold increase in 
rate.“ The same proportional increase in reaction rate could be 
observed using both colorimetric, spectrophotometric, and 
chromatographic estimates of pyrrole-carboxylate formation as 
well as oxygen uptake. The dependence of reaction rate on 
Mg** concentration is shown in Fig. 5. Enzyme activity was 
also influenced by the level of Mg*+ in the growth medium 
(Table VI); this effect was not further analyzed. 3 

Although dialysis of enzyme suspensions (against dilute glycine 
buffer, pH 9) did not consistently inactivate the enzyme, 5 mu 
ethylenediaminetetraacetate reduced activity to very low or 
negligible levels (Table VII). Ethylenediaminetetraacetate was 
particularly effective as an inhibitor when used with dialyzed 
suspensions of the enzyme. 

- Phenazine Methosulfate and Other Dyes as Electron Acceptors— 
As noted above, additions of low concentrations of phenazine 


At 0.01 M, a number of metal ions (Zn*+, Hg**+, Cu**, Fe, 
Ag“) were strongly inhibitory, although certain others (Co, 
Fe**) were without effect. 


CAS SS SSF 


Substrate consumed | formed | benzaldehyde 
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methosulfate greatly stimulated the reaction rate, measured 
either by product formation or O: uptake. Relatively high 
concentrations of the phenazine dye did not appear to inhibit 
the enzyme (Fig. 6). 

Among other dyes capable of reduction by the allohydroxy-p- 
proline oxidase system were ferricyanide, methylene blue and 
2,6-dichlorophenol-indophenol. It is notable that when at- 
tempts were made to demonstrate dichlorophenol-indophenol 
reduction aerobically, no apparent reaction was observed. Even 
anaerobically, a lag of some minutes occurred between addition 
of substrate and any detectable decolorization of the dye. The 
lag was reduced by increasing the enzyme concentration and was 
abolished by adding the dye a few minutes after the substrate. 
The reduced dye was rapidly reoxidized on readmission of air to 
the vessel. The lag was therefore interpreted as resulting from 


TABLE VII 


Effects of inhibitors and activators on oxidase reaction as assayed 
with or without phenazine methosulfate 


Enzyme assays without the phenazine dye were carried out with 
0.02 M CaCl2; no metal ions were added to assays with the dye. 
All assays were carried out at pH 9.0 in 0.05 M glycine buffer, ex- 
cept as noted, and with undialyzed enzyme suspension. 


control 
Addition Concentration 
0 Phenazine 
M 
Ethylenediaminetetra- 

5 X 6 97 
p-Chloromercuribenzoate 5 X 10-3 64 
lodoacetate................. 5 X 10°? 73 
Z 5 X 63 
5 X 50 
5 X 10 31 109 
Atebrine (+ FAD and ribo- 

flavin monophosphate, 10 

5 X 10 36 
Dieoumaroul 10-3 12 103 
Dicoumarol. ................ 10-¢ 80 100 
10-3 71 90 
10 90 
52 103 
10-3 98 
Antimycin A................ 5 X 10° 99 100 
5 X 10 95 
Ultraviolet lightt........... 23 73 

* Assayed at pH 8.0 in 0.05 M Tris. 


t Assayed at pH 7.0 in 0.05 u phosphate. 

m Enzyme kept in an ice bath was exposed to light of 360 my 
(Raymaster B) for 30 minutes. Attempts to reactivate the en- 
tyme with flavin nucleotides or with vitamin K, were unsuccess- 
ful. We are indebted to Dr. M. M. Weber, of the Department of 
Microbiology, St. Louis University, for suggesting and carrying 
1 involving exposure of the enzyme to ultraviolet 
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Fic. 6. Enzyme activity as a function of added phenazine 
methosulfate. Activity is expressed as micromoles per milli- 
liter of pyrrole carboxylate formed in 15 minutes with 0.01 u 
allohydroxy-p-proline and 2 mg of enzyme protein per ml. 


rapid reoxidation of this ordinarily slowly-autoxidizable dye, as 
long as traces of oxygen remained in the vessel.“ 

Of the dyes tested, only phenazine methosulfate led to a re- 
action rate clearly elevated over that seen in the absence of dye. 
Addition of the phenazine dye to a system in which either 
ferricyanide or dichlorophenol reduction was the final reaction 
measured also led to faster reduction of the secondary dye. 

Inhibitors—Table VII presents the effect of a number of 
inhibitors on the oxidase reaction as assayed with or without 
phenazine methosulfate. As noted above, in the presence of 
phenazine methosulfate the enzyme loses its capacity to be 
stimulated by divalent metals and, consistent with this (Table 
VII), also becomes insensitive to inhibition by ethylenedi- 
amintetraacetate. Certain inhibitors of electron transport 
(dicoumarol, ultraviolet light), active with the phenazine-free 
system, show no inhibitory action with the phenazine-assayed 
reaction. With other inhibitors (cyanide, azide), the reaction is 
not highly sensitive even without the phenazine dye, but ap- 
preciably less so in its presence. It is notable that at two lower 
pH values (8.0 and 7.0) the cyanide inhibition of the reaction 
assayed without phenazine methosulfate was considerably 
reduced, eliminating the possibility that only the undissociated 
form of the inhibitor might be active. Atebrine, generally 
viewed as an inhibitor of flavin enzymes, is distinctly less in- 
hibitory to the phenazine-assayed system than to the phenazine- 
free oxidase. As noted earlier (1), the oxidase reaction is rather 
insensitive to sulfhydryl] reagents. 

Other Properties of Enzyme—Comparable values for the K, of 
allohydroxy-p-proline were obtained either for the phenazine- 


Although no direct evidence is at hand, these observations 
are consistent with rapid, probably enzymatic, reoxidation of the 
reduced 2 ,6-dichlorophenol- indophenol. The reactivity of phena- 
zine methosulfate in the oxidase system was missed in initial 
experiments, when reliance was placed on the slow autoxidiza- 
bility of 2,6-dichlorophenol-indophenol and evidence for a phena- 
zine methosulfate-linked reaction was unsuccessfully sought by 
attempting to observe coupled reduction of 2,6-dichlorophenol- 
conditions. 
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Allohydroxy-p-Proline Oxidase Vol. 236, No. 12 
2- PHENAZINE 0.2 
1 2 
Vv Mg** -3 ¥ 
Ks( Mg**) 2. 2 X 107M 
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Fic, 7. K. for allohydroxy-p-proline as assayed with phenazine methosulfate or with MgCl, The left ordinate refers to the 
assays with MgCl, (reciprocal micromoles of product formed per milliliter per 60 minutes). The right ordinate refers to assays 
with phenazine methosulfate (reciprocal micromoles of product formed per milliliter per 15 minutes). Abscissa is reciprocal 


micromoles per milliliter of allohydroxy-p-proline. 
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pH 
Fic. 8. pH- activity curve for allohydroxy-p-proline oxidase as 
assayed with phenazine methosulfate (-@-) or with CaCl, (-O-). 
The maximal activities (micromoles pyrrole carboxylate formed 
per milligram of enzyme) were 1.8 and 0.9 for phenazine metho- 
sulfate and CaCl, respectively. pH 6 and 7 were obtained with 


phosphate buffer, pH 8 with Tris, and pH 8.6 to 10 with glycine. 
All buffers were at a final concentration of 0.05 . 


assayed reaction, or the reaction as activated by added Mgtt 
(Fig. 7). The pH optimum was also similar whether the assay 
was carried out with or without phenazine methosulfate (Fig. 8). 


DISCUSSION 


The data presented lead to the conclusion that in washed 
particles derived from hydroxyproline-grown Pseudomonas, the 
oxidation of allohydroxy-p-proline is cytochrome-linked. Such 


cytochrome-linked inducible oxidases have been studied for — 


other substrates in other microbes. A closely comparable 
example is the oxidation of L-mandelic acid by a small-particle 
fraction obtained from a strain of P. fluorescens, as reported by 
Stanier et al. (8). This inducible mandelate-utilizing system 
includes a soluble mandelic racemase and a particulate oxidase 


0.15 0.2 


for the “unnatural” isomer, as well as enzymes in the soluble 
fraction which further degrade the initial oxidation product, 
benzoylformate. These general features, together with the 
similarity in bacterial strain, are shared by the inducible utilizs- 
tion of hydroxy-t-proline (1). Although a direct demonstration 
of substrate-dependent cytochrome reduction was not reported 
in the case of mandelic oxidase, the particulate oxidase prepars- 
tions also contained cytochrome pigments, demonstrable by 
chemical reduction. 

The activity of phenazine methosulfate as an electron acceptor 
for allohydroxy-p-proline oxidase extends to another case the 
applicability of this highly reactive catalyst, and has permitted 
the solubilization and purification of a portion of the oxidase 
system, to be described separately. A question of interest 
concerns the complexity of the system assayed with the phens- 
zine dye as catalyst. Two possibilities are, on the one hand, 
action of the dye as a carrier between an initial dehydrogenase 
and oxygen (as is considered the case with succinic dehydrogenase 
(9)), or, alternatively, action of the dye as a carrier between 4 
dehydrogenase and a terminal autoxidizable catalyst such ass 
heme protein. Although these alternatives cannot be dis 
tinguished with the information now available, it should be 
noted that if reduced phenazine methosulfate were directly 
reoxidized by oxygen, hydrogen peroxide might be expected as 
product.” However the data of Table III are not consistent with 
peroxide formation; furthermore, direct attempts to trap peroxide 


7 The production of hydrogen peroxide by autoxidation of 
phenazine methosulfate does not seem to be well documented. 
In experiments carried out by one of us (E. A.), the nonenzymatic, 
aerobic oxidation of DPNH by catalytic amounts of phenazine 
methosulfate was stoichiometrically consistent with hydrogen 
peroxide formation: the molar ratio of DPNH added to oxygen 
consumed was consistently 1, whereas the addition of large 
amounts of catalase raised this ratio to 1.8, and the further addi- 
tion of ethanol lowered it to 0.9. Although such a model system 
may yield hydrogen peroxide, this observation would not seem 
to eliminate the possibility that enzyme-reduced phenazine 
methosulfate may act as a one-step carrier, yielding water rather 
than peroxide on autoxidation. This possibility is supported 
by the unusual stability of the semiquinoid form of phenazine 
methosulfate (11). The carrier action of the semiquinoid form 
of phenazine methosulfate, as reduced by succinic dehydrogenase, 
has been proposed by Massey (12). 
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in the phenazine methosulfate-catalyzed reaction mixture (with 
the use of the peroxidase-o-dianisidine system described above) 
have been unsuccessful. 

If, alternatively, the phenazine dye acts as an intermediate 
link to a one-electron acceptor such as a heme protein, failure to 
find hydrogen peroxide would be consistent. A typical cyto- 
chrome oxidase could not be expected to act in such a chain, 
because of the marked insensitivity of the phenazine methosul- 
fate-catalyzed reaction both to cyanide and azide. To explain 
both the cyanide insensitivity and the failure to detect hydrogen 
peroxide, it may be tentatively suggested that an autoxidizable 
cytochrome of the b type participates in the phenazine-assayed 
system; the spectrum (Fig. 4) of the substrate-reduced heme 
protein is not incompatible with this possibility. Massey (12) 
has noted that in the presence of O:, cytochrome c is reduced 
preferentially by phenazine methosulfate reduced by the suc- 
einie dehydrogenase system; a similar selectivity could explain 
the possible failure of the dye to reduce O: in the aerobic experi- 
ments described here. 

Apart from questions concerning its components, the bacterial 
oxidase differs in a number of important respects from mam- 
malian p- amino acid oxidase, the only other enzyme at present 
known to catalyze the oxidation of allohydroxy-p-proline. 
These contrasting properties, cited for the bacterial oxidase, 
include: inducibility, particulate nature, cytochrome linkage, 
high substrate specificity, insensitivity to sulfhydryl reagents, 
rapid reactivity with phenazine methosulfate, and quantitative 
oxidation of substrate. 

In work subsequent to that reported here, a soluble dehy- 
drogenase, inactive in the absence of an added acceptor such as 
phenazine methosulfate, has been obtained from the oxidase 
system; the purification and properties of the soluble enzyme 
system will be described separately. 
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The oxidation of allohydroxy-p-proline to A'-pyrroline-4- 
hydroxy-2-carboxylate is catalyzed by a particulate fraction 
derived from hydroxyproline-induced Pseudomonas striata. 
One half mole of oxygen is utilized per mole of substrate oxidized. 
Hydrogen peroxide is not detectable as a reaction product, and 
the evidence presented suggests the linkage of the oxidase reac- 
tion to cytochrome reduction. The bacterial oxidase catalyzes a 
quantitative oxidation of allohydroxy-p-proline and is highly 
substrate specific, differing in these and other respects from 
mammalian b-amino acid oxidase. The bacterial oxidase is 
markedly stimulated by phenazine methosulfate. It is not clear 
whether or not the phenazine dye acts in this system to reduce 
oxygen directly or to catalyze electron transport to a further 
endogenous carrier. 
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Human urine contains many unidentified substances which 
may be detected with ninhydrin. One of these substances, 
which emerges just after leucine when urine is subjected to ion 
exchange chromatography with the amino acid analyzer accord- 
ing to Spackman, Stein and Moore (1), has been isolated and 
identified as B-Laspartyl-Lhistidine. In the amino acid ana- 
lyzer, B-aspartylhistidine gives a normal purple color with nin- 
hydrin, but on paper chromatograms it forms a yellow-brown 
color with the modified ninhydrin reagent of Levy and Chung (2). 
This paper presents the details of the isolation and identification 
of B-aspartylhistidine and the synthesis and properties of a-L- 
aspartyl-Lhistidine. 


EXPERIMENTAL PROCEDURE 


An amount of urine (14.1 liters) which contained 9.04 g of 
creatinine was collected from an adult, and was desalted with the 
H* form of Dowex 50 resin. A fraction that contained the 
neutral amino acids was prepared and freed of B-aminoisobutyric 
acid, phenylalanine, and tyrosine by the methods described for 
the isolation of B-aminoisobutyric acid from urine (3). 

The syrupy mixture of neutral ampholytes was dissolved in 
300 ml of water, adjusted to pH 2.5 with concentrated HCl, and 
applied to a 7.5- X 150-cm column of Amberlite IR-120 (100 to 
200 mesh) buffered with 0.2 & sodium formate buffer, pH 3.25. 
Amino acids were eluted from the column at 30° with 33 liters 
of 0.2 N sodium formate buffer, pH 3.25, and then at 50° with 15 
liters of 0.2 N sodium formate buffer, pH 4.24. Twenty-mil- 
liliter fractions of the effluent were collected, and the emergence 
of amino acids was followed with a modification of the photo- 
metric ninhydrin procedure of Moore and Stein (4). The frac- 
tion which emerged just after leucine, from 40.5 liters to 41.1 
liters, was desalted by passage through a 4- X 12-cm column of 
Dowex 50-H* (100 to 200 mesh); the resin was washed with 300 
ml of water and the amino acids were eluted with 200 ml of 2 N 
NH,OH. The eluate was concentrated to dryness, and the 
residue was dissolved in 2 ml of hot 80% aqueous ethanol. 
After the solution had remained in the refrigerator for 1 month, 
rosettes of needles of B- aspartylhistidine had formed on the walls 
of the tube and a few mg of powdery precipitate had formed on 
the bottom. The mother liquor and the powder were carefully 
removed with a capillary pipette, and the rosettes were picked 
up with a spatula, washed with cold 95% ethanol and then ether, 


* This work was supported in part by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice. 

t Present address, Department of Neuropsychiatry, Osaka 
University Medical School, Osaka, Japan. 


and dried; 31 mg, m. p. 215-222°,! were obtained. Of this ma- 
terial, 27 mg were recrystallized from 1 ml of 70% ethanol to 


yield 23 mg of shining colorless needles, m. p. 215-222°; [a]? 


+39.1° (e, 0.5, 


(306.3) 


Calculated: N 18.3 
Found: N 18.1 


A 2.5 mg portion of the slightly impure first crop was dissolved 
in 2.5 ml of water. A 0.3 ml portion of this solution was sub- 
jected to analysis with a Beckman/Spinco model 120 amino acid 
analyzer. 
with 0.2 N citrate buffer, pH 3.25, at 30°. The temperature was 
increased to 50° after 330 ml of effluent, and the buffer was 
changed to pH 4.25 so that the breakthrough of new buffer oc- 
curred at 428 ml, just after homocitrulline. With these condi- 
tions, leucine emerges at 472 ml, and g- aspartylhistidine at 479 
ml. The color yield with ninhydrin of B- aspartylhistidine is 
78% of that of leucine. 

A 1-ml portion of the solution was then subjected to acid 
hydrolysis, followed by amino acid analysis with the analyzer. 
Histidine, 0.96 umole, and aspartic acid, 0.92 umole, were found 
in an aliquot containing one-third of the hydrolysate, along with 
very small amounts (less than 0.02 umole each) of threonine, 
serine, glutamic acid, glycine, alanine, and lysine. The identity 
of the histidine and aspartic acid was confirmed by paper chro- 
matography of the hydrolysate in two solvent systems, with 
ninhydrin and diazotized sulfanilic acid as detection reagents. 
These results showed the isolated compound to be a peptide 
containing equimolar amounts of histidine and aspartic acid. 

A 0.3-ml portion of the solution of the isolated compound was 
next used to determine the amino-terminal amino acid. The 
dinitrophenyl peptide was prepared and hydrolyzed by the 
method of Sanger and Thompson (5). The hydrolysate was 
concentrated to dryness, taken up in 0.5 ml of water, and 3 
dinitrophenyl amino acid was extracted with four 4-ml portions 
of ether. Ether was evaporated from the combined extracts 
and dinitrophenol was removed by sublimation in a vacuum st 
50°. The residue was taken up into 100 ul of ethyl acetate, and 
5-ul portions were used for paper chromatography with the 


method of Blackburn and Lowther (6). A yellow spot with the 


same R. value and intensity as 0.05 umole of authentic dinitro- 
phenylaspartic acid was observed. From the water layer re- 
maining after the ether extraction, a substance which gave 4 


1 The melting points reported in this paper were measured on 
the micro hot stage and are corrected. 
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A 150-cm column of Amberlite CG-120 was eluted . 
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positive ninhydrin reaction and negative Pauly reaction on a 
paper chromatogram could be detected. These results indicate 
that the substance is an imidazole dinitrophenylhistidine. From 
this experiment, it was concluded that the isolated compound is 
a dipeptide, aspartylhistidine. 

The remaining question was which carboxy] group of aspartic 
acid was involved in the peptide bond. One milligram of the 
isolated material was subjected to hydrazinolysis by the method 
of Bradbury (7). After the removal of hydrazine by evaporation 
under reduced pressure, the residue was dissolved in 0.2 ml of 
water. For comparison, the a- and §-hydrazides of aspartic 
acid were prepared in the same manner from asparagine and 
jsoasparagine. Ten-microliter portions of the solutions of the 
hydrazides were subjected to paper chromatography in four 
solvent systems. The chromatographic properties of a- and 
p-aspartylhistidine, aspartic acid and its hydrazides, and histi- 
dine are listed in Table I. The hydrazide formed from the iso- 
lated peptide was found to have the same R, values and color 
with ninhydrin as the 6-hydrazide of aspartic acid, which showed 
the isolated peptide must be B- aspartylhistidine. 

For final proof of the identity of the isolated compound, B- 
asparty]-L-histidine was prepared by the method of du Vigneaud 
and Hunt (8); m. p. 215-220°; [a]? +39.4° (c, 0.5, H: O). 

| O. · 2H: (306.3) 


Calculated: N 18.3 
‘ Found: N 18.2 


The melting point of the isolated peptide was not changed upon 
admixture with synthetic B-Laspartyl-Lhistidine. Synthetic 
and isolated §-aspartylhistidine had the same crystal form 
(needles) and solubility in aqueous ethanol. 

For comparison, the previously unknown a-L-aspartyl-L- 
histidine was prepared as follows. L-Histidine methyl ester was 
prepared from 8.2 g (0.04 mole) of its hydrochloride and was con- 
densed with 3.73 g (0.015 mole) of carbobenzoxy L-aspartic 
anhydride according to the procedure used by Greenstein and 
Kemperer (9) in their preparation of a-L-asparty!-p-histidine. 
The reaction mixture was concentrated to dryness in a vacuum, 
and the residue was dissolved in 50 ml of 1 N NaOH and 50 ml 
of acetone and stirred for 1 hour. The solution was neutralized 
with 10 ml of 6 N HCl, concentrated in a vacuum to a thick oil, 
and the residue was digested with 50 ml of hot ethanol. Crystal- 
line histidine and NaCl were removed, and the filtrate was con- 
centrated to an oily residue which was then taken up into 30 ml 
of hot water. Hydrogen was bubbled through the solution for 8 
hours in the presence of 0.8 ml of H- S0, and 1.0 g of PtO,; the 
catalyst was removed and 60 ml of a saturated solution of 
Ba(OH): were added to the filtrate to neutralize exactly the 
HSO,. The precipitate of BaSO, was removed, and the fil- 
trate was concentrated to dryness. The residue was taken up 
into 10 ml of water and was passed through a 1.75- x 110-em 
column of the pyridine form of Amberlite CG-120. The column 
was washed with 100 ml of water and then eluted with 0.5 N 
pyridine. The eluate from 215 to 305 ml was concentrated and 
the crystalline residue was recrystallized from 20 ml of 80% 
aqueous ethanol; 300 mg (7.4% based on carbobenzoxyaspartic 
anhydride) of needles were obtained, m. p. 188-190°. Recrystal- 
lization from 80% ethanol yielded 200 mg of fine filamentous 
needles, m.p. 190-194°; [a]? +9.7° (c, 0.5, HO). 


CioHuN. O; - (288.3) 
Calculated: N 19.4 
Found: N 18.9 
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TABLE I 


Chromatographic properties of Aspartylhistidine 
and related substances 
Solvent systems: I, pyridine-acetone-3 n NH,OH (50:30:25); 
2, isopropyl alcohol-88% formic acid-H,O (8:1:1); 3, n-butanol- 
acetic acid-H:O (4:1:1); 4, n-butanol-pyridine-H,O (1:1:1); 4, 
phenol saturated with H,0. 


Solvent system 
— 
1 2 3 4 5 
Rr | Re | Re | Re | Re 
a-Aspartylhisti- 
0.38 0. 10 0.06 0. 21 0.45 Purple 
8-Aspartylhisti- 
1 0.35 0.06 0.06 0. 19 0.32 Yellow 
a-Aspartyl hydra- 
D 0.77 0.05 0.13 0.4 Purple 
6-Aspartyl hydra- 
nn 0.610 0.03 0.04 0.34 Maroon, slowly 
turning purple 
Aspartic acid. 0 0.26; 0. 18 0. 17 0.35 Sky blue, turn- 
ing purple 
Histidine ........| 0.60, 0.08 0.11 0.33 0.68 Blue-gray 


Confirmation of the purity and identity of the a-aspartylhisti- 
dine were provided by its homogeneity as demonstrated on paper 
chromatograms and with ion exchange chromatography. With 
the amino acid analyzer, it is determined preferably with the 
basic amino acids; on a 54-cm column of Amberlite CG-120 
eluted with 0.38 & citrate buffer, pH 4.26, at 30°, it emerges 10 
ml ahead of the phenylalanine-tyrosine peak. The color yield 
with ninhydrin is 169% that of lysine. With the neutral and 
acidic amino acids, it emerges 161 ml after phenylalanine and 
65 ml after B-aminoisobutyric acid from a 150-cm column of 
Amberlite CG-120 with the conditions described for the behavior 
of B-aspartylhistidine. The color yield with ninhydrin under 
these conditions is 153% that of leucine. No evidence for its 
conversion to §-aspartylhistidine during chromatography was 
detected. Hydrazinolysis yielded only the a-hydrazide of 
DISCUSSION 


Stein (10) has commented upon the fact that almost twice the 
amount of amino acids is excreted in the bound as in the free 
form in human urine. Glycine, glutamic acid, and aspartic acid 
comprise & major portion, perhaps three-fourths, of these bound 
amino acids. Histidine appears to be the most abundant of the 
remaining bound amino acids. A substantial portion of the 
bound glycine is in the form of hippuric acid (11) and substituted 
hippuric acids (12), and of the glutamic acid, a major portion 
occurs as glutamine and phenylacetylglutamine (11). Approxi- 
mately one-fourth of the bound aspartic acid has been thought 
to be in the form of asparagine (10); the nature of the remaining 
portion is not known. 

In 1954 Pollack and Eades (13) published results they inter- 
preted as indicating the presence in urine of glucuronides of 
glutamic and aspartic acids but made no estimate of the amount 
of these materials present. The nature of their evidence is such 
that acceptance of the presence of a glucuronide of aspartic acid 
might await more definitive proof. Recently, Haley, Buchanan, 
and Markiw (14) reported the presence of aspartylglycine and 
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aspartylserine in urine, and commented that these peptides ap- 
pear to be of endogenous origin. Their abstract does not make 
it clear whether or not it is the q or 8 form of the peptides which 
is normally found in urine, although they reported the q forms 
readily isomerized to g forms under acid conditions. 

The amount of 8-aspartylhistidine in urine from adults has 
been found to vary from about 5 to 10 mg per g of creatinine, 
which would correspond to an excretion of about 8 to 15 mg daily 
for an average adult. These values were estimated by assuming 
the 8-aspartylhistidine peak from the amino acid analyzer con- 
tains no other ninhydrin-positive material. The amount of 
B-aspartylhistidine is probably a little less than that estimated 
because this portion of the eluate in the amino acid analysis is 
complex. Most of the material in the peak must be B-aspartyl- 
histidine, however, because 31 mg of crystalline material was 
isolated of the 82 mg estimated to be present in the urine used as 
starting material. In view of the extensive processing and the 
known losses in the final stages of the isolation, the amount 
actually recovered indicates that the initial estimate was reli- 
able. 

a-Aspartylhistidine does not rearrange to the 8-isomer during 
the amino acid analysis, but does exhibit somewhat unusual 
characteristics. In the amino acid analyzer with the system 
of Spackman, Stein, and Moore (1), it emerges long after g- 
aminoisobutyric acid, which is the last of the acidic and neutral 
amino acids usually determined, and before phenylalanine or 
tyrosine, which are usually the first amino acids recorded in 
the basic amino acid run. This behavior of a-aspartylhistidine 
indicates that it is probably necessary to commence recording 
the basic amino acids considerably before the emergence of 
phenylalanine and tyrosine when the automatic amino acid 
analyzer is used for the analysis of physiological fluids. The 
peptide does not undergo any hydrolysis during its passäge 
through the resin, but the unexpectedly high color yield with 
ninhydrin is an indication that it is probably hydrolyzed during 
the development of color. The high color yield with ninhydrin 
of some peptides has been noted previously by Yanari (15). 
a-Aspartylhistidine has not been observed in serum or urine. 

It is of interest that 8-aspartylhistidine was prepared many 
years ago and studied as a possible precursor for carnosine (8). 
It had no depressor activity when tested under conditions 
whereby carnosine is a potent depressor substance. It was able 
to support the growth of histidine-deficient rats when adminis- 
tered parenterally to the same degree as was carnosine. Further 
studies on the possibility that 8-aspartylhistidine might be a 
precursor of carnosine do not appear to have been made. De- 
spite the fact that enzyme preparations from chick muscle (16) 


8-Aspartylhistidine in Human Urine 


Vol. 236, No. 12 


and rabbit muscle (17) have been shown to form carnosine from 
L-histidine and 8-alanine, the natural occurrence of B- aspartyl. 
histidine should stimulate re-examination of its possible role 
in carnosine metabolism. 


SUMMARY 


8-L-Aspartyl-L-histidine has been isolated and identified as 3 
normal constituent of human urine. The amount excreted 
daily by an average adult is about 8 to 15 mg. 

a-L-Aspartyl-L-histidine has been prepared and its properties 
described. 


Acknowledgment—The valuable technical assistance of Mrs. 
Kerin Yates, who performed the analytical determinations re- 
ported in this paper, is gratefully acknowledged. 

Note Added in Proof—Dr. V. duVigneaud has kindly called to 
our attention that further experiments on the ability of 8-aspart. 


ylhistidine to serve as a precursor for carnosine were made, but 
with negative results (18). : 
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The occurrence of B-aminoisobutyric acid in human urine was 
frst reported by Crumpler e¢ al. (1) in 1951. They commented 
that some persons consistently excrete considerable amounts of 
AB, and suggested that this may be a genetically determined 
characteristic. Further studies have confirmed that the char- 
acteristic of excreting AIB is inherited as a recessive trait (2). 
Soon after the initial identification of AIB, Fink et al. (3) isolated 
it from the urine of patients with cancer. Further work showed 
there is an increased excretion in many conditions featuring cell 
destruction (4, 5), and it was suggested that thymine from nucleic 
acid may be its precursor (3). There seems to be little doubt 
that thymine is a precursor for urinary AIB in some conditions 
(6-8). Recently, however, Berry (9) reviewed the occurrence 
of AIB excretion in a variety of pathological conditions, and 
commented that it is by no means certain that the excretion of 
AIB always occurs by the same mechanism, or that it arises 
from the same precursor as in the genetically determined trait. 

Studies on different ethnic groups have indicated that 6 to 
10% of Europeans are AIB excretors, and that a considerably 
higher proportion occurs in races of the Western Pacific. It was 
somewhat surprising, therefore, to find there were no AIB ex- 
eretors in a group of approximately 400 healthy persons, largely 
of Northern European ancestry, who reside in this area of Ohio. 
However, some of the subjects of the Fels longitudinal study of 
growth and development have been observed to excrete AIB 
occasionally in amounts as great as typical excretors. Seven of 
28 persons of Chinese or Japanese ancestry tested, on the other 
hand, were found to be consistent excretors at the rate of 100 mg 
or more per g of creatinine. Because of the possibility that AIB 
may arise by different mechanisms in pathological conditions and 
in the intermittent as opposed to the familial excretors, it seemed 
preferable to investigate first the manner of its formation and 
excretion in Oriental excretors. Gartler (7) has proposed that 
familial excretors form AIB by degradation of thymine, and he 
has suggested several mechanisms which may be responsible for 
their increased excretion. 

For definitive experiments on the mechanism of AIB forma- 
tion and excretion, it is desirable and perhaps mandatory to use 
the natural isomer of AIB and its derivatives. In the original 
isolation and identification of AIB by Crumpler, et al. (1), the 
isolated material was noted to be levorotatory. The present 
paper describes the preparation and properties of D- and L-AIB, 
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and the isolation and characterization of AIB from the urine of 
a Japanese excretor. Experiments aimed at establishing the 
configuration of natural AIB were anticipated by the work of 
Balenovié (10) who related its configuration to that of (—)-2- 
methylbutanol-1. 

One of the possible precursors for AIB is methylmalonic semi- 
aldehyde, an intermediate in valine metabolism (11). Recently, 
the occurrence of ethylmalonic acid as an intermediate in iso- 
leucine degradation has been reported (12). This raised the 
possibility that a-ethyl-8-alanine might be a natural amino acid, 
arising from transamination of a-ethylmalonic semialdehyde. 
a-Ethyl-8-alanine has been prepared and its behavior in the 
Beckman-Spinco amino acid analyzer established. No definite 
evidence for the occurrence of this amino acid has been observed 
with urine from 37 individuals; these included pathological, in- 
termittent, and familial AIB excretors and nonexcretors. 


EXPERIMENTAL PROCEDURE 


Isolation of (—)-AIB—A total of 14.7 liters of urine that con- 
tained 9.04 g of creatinine was collected from a Japanese woman. 
The pooled urine, which contained 1.53 g of AIB, was acidified 
to pH 5 with glacial acetic acid, filtered, and then divided into 
nine portions for desalting. Each portion was passed through 
a column (4 X 40 em) of Dowex 50-X8 (H“ form, 100 to 200 
mesh), the resin was washed with 900 ml of water, and the amino 
acids were eluted with 1 liter of 2 N NH,OH. The ammoniacal 
eluates were concentrated under reduced pressure to a volume 
of about 100 ml each and were then combined. 

The desalted solution of ampholytes was acidified to pH 5, 
and acidic amino acids were removed by passing the solution 
through a column (7 X 50 cm) of Amberlite CG-45 (acetate 
form) (100 to 200 mesh) and washing the resin with water. The 
first 975 ml of the effluent were discarded, and the next 2480 ml 
were collected and concentrated under reduced pressure to a 
volume of 800 ml. To remove basic amino acids, the solution 
was then passed through a column (7 X 30 em) of Dowex 50 
(ammonium form) (100 to 200 mesh), and the resin was washed 
with water. The effluent from 505 to 2665 ml was collected, 
concentrated to 870 ml under reduced pressure, and divided into 
three equal portions. Each portion was passed through a col- 
umn (7 X 45 em) of the pyridine form of Dowex 50 (100 to 200 
mesh), the resin was washed with 750 ml of water to remove most 
of the neutral amino acids, and AIB was eluted from the resin 
with 1 & pyridine; AIB emerged between 1300 and 2430 ml. 
The pyridine eluates were combined and concentrated to dryness 
under reduced pressure, the residue was dissolved in 40 ml of hot 
water, and the solution was cooled in a refrigerator overnight. 
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Glycocyamine (1.50 g) crystallized and was collected, and the fil- 
trate was concentrated to an oily residue that weighed 4.43 g. 
The constituents of this residue were investigated by paper chro- 
matography; it contained approximately 1.5 g of AIB, 0.1 g of 
phenylalanine and tyrosine, 2.0 g of creatine, and 0.4 g of creati- 
nine. 

For further purification, this mixture was dissolved in 50 ml 
of water, and its components were acetylated by the addition of 
2.5 g of acetic anhydride and 2 Xx NaOH over a period of 30 min- 
utes to the cooled solution, which was maintained at pH 9 to 10. 
The resulting solution was acidified to pH 5.5 by the addition 
of glacial acetic acid and the acetylated amino acids were ad- 
sorbed on a column (4 Xx 32 em) of Amberlite IR-400 (OH- 
form). Creatine and creatinine were removed by washing the 
resin with 300 ml of water, and acetyl-AIB was eluted with 2 N 
acetic acid; it was collected in the eluate between 200 and 450 
ml. The eluate was concentrated to dryness in a vacuum, and 
the residue was extracted with six 5-ml portions of hot dichloro- 
ethane. The combined extracts were treated with charcoal, 
kept in a refrigerator overnight, and crystalline acetyl-AIB was 
collected. A first crop of 1.17 g and a second crop of 0.43 g were 
combined and subjected to three more recrystallizations from 
80 ml portions of hot dichloroethane; 0.92 g of white crystals 
was obtained; m. p. 79.5-82°,? [a]p —29.8° (e, 1, absolute eth- 
anol). 


CesHuNO; 
Calculated: N 9.58 
Found: N 9.56 
The melting point was not altered upon admixture with synthetic 


acetyl-( —)-AIB. 

Of the isolated acetyl-AIB, 0.83 g was hydrolyzed by refluxing 
it for 3 hours in 20 ml of 2 & HCI; the solution was conrentrated 
to dryness under reduced pressure, and the residue was dissolved 
in 10 ml of water and applied to a column (2 X 5 em) of Amber- 
lite IR-120 (H+ form). The resin was washed with 50 ml of wa- 
ter, and the amino acid was eluted with 40 ml of 2 N NH,OH. 
The eluate was concentrated to dryness and the crystalline residue 
was crystallized from 20 ml of hot absolute ethanol; 0.31 g was re- 
covered; m.p. 191-194°, not depressed by admixture with syn- 
thetic (—)-AIB; [a]? —15.3° (e, 1, H20). 


C,H NO: 


Calculated: N 13.6 
Found: N 13.4 


Ethyl-a-cyanopropionate—In 300 ml of absolute ethanol, 90 g 
(0.5 mole) of ethyl-a-bromopropionate (Matheson, Coleman and 
Bell) and 28 g (0.57 mole) of sodium cyanide were refluxed for 
20 hours. The reaction mixture was cooled, and sodium cyanide 
and sodium bromide were removed by filtration. The filtrate 
was concentrated to a small volume, 200 ml of ether were added, 
the mixture was washed with two 25-ml portions of water, and 
the ether was removed. The residue from evaporation of the 
ether was distilled to yield 27.4 g (43% of theory); b.p. 85-97° 
at 18 mm. 

bL-AIB—To 21.5 g (0.169 mole) of ethyl-a-cyanopropionate 
in 180 ml of acetic anhydride were added 20 g of anhydrous so- 
dium acetate and 7 g of Raney nickel catalyst which had been 


2 All melting points were taken on the micro hot stage and are 
corrected. 


D-(—)-B-Aminoisobutyric Acid 


did not change these properties. 


Vol. 236, No. 2 


washed with ethanol and acetic anhydride, and the mixture wy 
hydrogenated under 2 atmospheres of pressure at 60° for 1 
hours; the hydrogen uptake was 87% of theory. The catalyst 
were removed, the filtrate was concentrated to a small volume 
and the residue was suspended in 400 ml of 6 N HCl and refluxe 
for 16 hours. The hydrolysate was concentrated to dryness yp. 
der reduced pressure, the residue was dissolved in 100 ml of water 
and the aqueous solution was washed with three 100ml portions 
of ether. The resulting solution was passed through a colunn 
(4 Xx 10cm) of Amberlite IR-120 (H form); the resin was washed 
with 200 ml of water, and the AIB was eluted with 3 N NH OH 
The eluate, from 140 to 230 ml, was collected, concentrated ty 
dryness under reduced pressure, and the crystalline residue wa; 
recrystallized from 180 ml of 95% ethanol. A total of 10.0 f d 
pL-AIB was obtained; m.p. 174-178°. An additional 0.47 f 
(total yield, 61%) was obtained from the mother liquor. 

N-Acetyl-DL-AIB—To a cold, well stirred solution of 52.1, 
(0.505 mole) of pt-AIB in 100 ml of water were added conew. 
rently 61.3 g (0.600 mole) of acetic anhydride and 637 ml of? 
Nn NaOH so that the pH of the reaction mixture was maintained 
at 10 to 11 during the addition, which required 90 minutes. The 
mixture was left at room temperature for 1 hour, was acidified 
to pH 1 with concentrated HCl, and was then saturated with 
NaCl. Acetyl-AIB was extracted into six 850-ml portions o 
ethyl acetate and the combined extracts were concentrated to 
dryness. The residue was recrystallized from 180 ml of hot 
dichloroethane; yield, 49.2 g., m. p. 96-97°. A second crop of 
5.3 g, m. p. 96-97°, was obtained; total yield, 74.3%. 


CeHiiNO; 


Calculated: N 9.58 
Found: N 9.34 


N-Acetyl-( —)-AIB—Cinchonidine (30 g, 0.102 mole) and 
acetyl-pt-AIB (14.76 g, 0.102 mole) were dissolved in 300 ml of 
hot isopropyl alcohol, and the solution was chilled overnight: 
20.7 g of crystals were collected; m. p. 181-184°. Recrystalliz- 
tion of this crop from 100 ml of isopropy] alcohol yielded 17.1 g; 
m. p. 184-187°; fals —100.6° (c, 1, H,O). Another reerystall- 
zation from 100 ml of isopropyl alcohol yielded 15.10 g; mp. 
186-188 [a]? —101.6° (e, 1, HO). Subsequent recrystallizs- 
tions did not lead to any further change in physical properties. 

The cinchonidine salt was dissolved in 50 ml of water, 10 ml 
of concentrated NH,OH were added, the resulting mixture was 
cooled, and the precipitated cinchonidine was filtered and washed 
with three 20 ml portions of cold water. The filtrate and wash- 
ings were combined, washed with two 100-ml portions of chlor 
form, acidified to pH 1 by the addition of concentrated HCI, and 
saturated with NaCl. Acetyl-(—)-AIB was extracted into sik 
200-ml portions of ethyl acetate; the combined extracts were 
dried over anhydrous sodium sulfate and concentrated to dryness 
under reduced pressure. The crystalline residue was recrystal- 
lized from 80 ml of dichloroethane to yield 4.14 g of product; m. p. 
80-82°: [a]? — 29.8° (e, 1, absolute ethanol). Recrystallization 


C.HyNO; 


Calculated: N 9.58 
Found: N 9.40 


(—)-AIB—N-Acetyl-(—)-AIB (13.0 g) was refluxed in 200 ml 
of 2 N HCl for 3 hours and the acid was removed under reduced 
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pressure. The crystalline residue was taken up into 20 ml of 
water and passed through a column (2 X 22 cm) of Amberlite 
(G-120 (H“ form) (100 to 200 mesh). The resin was washed 
with 100 ml of water and the AIB was eluted with 3 W NH,OH. 
The first 75 ml of eluate were discarded and the following 50 ml 
were collected and concentrated to dryness. The crystalline 
Uh was recrystallized from 70 ml of 95% ethanol to yield 
6.55 g of long rectangular plates; m.p. 194-196°; laln 15.45 
1, H-). 
NO: 


Calculated: N 13.6 
Found: N 13.3 


An additional 1.54 g, m. p. 192-195°, was obtained from the 
mother liquor; total yield, 88%. 

(UAB The mother liquor from the first crop of the ein- 
chonidine salt of acetyl-(—)-AIB was concentrated to 60 ml and 
228 g of material, which crystallized when the solution was 
cooled, were collected and discarded. The filtrate was concen- 
trated to dryness and the oily residue was dissolved in 100 ml 
of water. Free acetyl-(+)-AIB was obtained from the salt as 
described above; yield, 5.73 g; m. p. 76-86°; [als +24.5° (e, 1, 
absolute ethanol). Attempts to obtain an optically pure speci- 
men of the salts of acetyl-(+)-AIB with brucine, quinine, quini- 
dine, and cinchonine were unsuccessful. Impure acetyl-(+)- 
AUB (15.6 g) was hydrolyzed and the hydrochloride was con- 
verted to the free amino acid as described above for the isolated 
(-)-AIB. After recrystallization from 100 ml of 98% ethanol, 
975 g (90%) were recovered; m. p. 183-192°; [a]? +12.1° (e, 1, 
HO). From the mother liquor, two additional small crops of 
somewhat better optical purity were obtained. Recrystalliza- 
tion did not effect a significant improvement in the product, so 
all of the crops and dried mother liquors were combined, dissolved 
in 9.5 ml of concentrated HCl, and concentrated to dryness. 
The residue was dissolved in 100 ml of absolute ethanol, 150 
ml of ether were added, and the solution was allowed to stand 
at room temperature for 6 hours; 9.0 g of shining plates were 
obtained; m. p. 131-140°, [a] +10.1° (e, 1, HO). This ma- 
terial was recrystallized by dissolving it in 100 ml of absolute 
ethanol and adding 100 ml ether; yield 7.34 g (50% based on 
the impure acetyl-(+)-AIB; m. p. 133-137; [a]? +10.8° (e, 1, 

NO: HCl 


Calculated: N 10.0 
Found: N 9.84 


For comparison, (—)-AIB hydrochloride was prepared in the 
same manner from 100 mg of pure (—)-AIB; m.p. 134-138°; 
-10.7° (e, 1, H: 0). 

Of the pure (+)-AIB hydrochloride, 7.1 g were dissolved in 
30 ml of water and passed through a column (2 X 17 em) of 
Amberlite CG-120 (H“ form). The column was washed with 
100 ml of water and the amino acid was eluted with 120 ml of 
3n NH OH. The last 50 ml of the eluate were collected and 
evaporated under reduced pressure. The residue was recrys- 
tallized from 150 ml of 99% ethanol to yield 4.2 g of long ree- 
tangular plates; m. p. 192-194°; [a]? + 15.4° (e, 1, H-). 


C. H. NO: 


Calculated: N 13.6 
Found: N 13.4 
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Another crop of 0.62 g, m.p. 190-192°, was obtained from the 
mother liquor. 

Ethyl-a-cyanobutyrate—Ethy]l-a-bromobutyrate (98.5 g, 0.508 
mole) and sodium cyanide (29.0 g, 0.592 mole) were refluxed in 
300 ml of absolute ethanol for 18 hours. The reaction mixture 
was processed as described for ethyl-a-cyanopropionate; yield, 
48.7 g (69% of theory); b. p. 90-104° at 18 mm. 

a-Ethyl-8-alanine—Ethyl-a-cyanobutyrate (21.2 g; 0.15 mole) 
was reduced and the reaction mixture was worked up as described 
for the preparation of AIB. The amino acid was purified by 
adsorption on a column (4 X 25 em) of Amberlite CG-120 (H“ 
form). The resin was washed with 500 ml of water, and the 
amino acid was eluted with 3 Nn NH,OH; it emerged in the frac- 
tion between 300 and 500 ml of eluate. This fraction was con- 
centrated to dryness and the crystalline residue was recrystal- 
lized from 200 ml of 80% ethanol; yield, 10.7 g of rhombic plates, 
m. p. 221-222° (decomposition). An additional 2.7 g, m. p. 
218-222° (decomposition) was obtained from the mother liquor; 
total yield, 76%. 


C.HuNO: 


Caleulated: N 12.0 
Found: N 11.8 


In the Beckman-Spinco amino acid analyzer with the system 
of Spackman, et al. (13), a-ethyl-@-alanine emerges with the 
basic amino acids. With a 54-cm column of Amberlite IR-120 
eluted with 0.38 n citrate buffer, pH 4.26, at 30°, it emerges 27 
ml after the phenylalanine-tyrosine peak. The color yield with 
ninhydrin is 38% of that of lysine. 


DISCUSSION 


Previously, Crumpler et al. (1) isolated AIB from the urine of 
an excretor and reported it to be levorotatory and to melt at 
183-184°; and Fink et al. (3) isolated a small amount, melting at 
181-184° from the urine of a cancer patient. Crumpler et al. 
(1), racemized their isolated material for comparison with syn- 
thetic AIB, which melts at 177°. In the present work the isola- 
tion of a larger amount of material made possible a more effective 
purification. The properties of the isolated material, melting 
at 191-194°, specific rotation —15.3° in water, compare favor- 
ably with natural AIB isolated from iris bulbs, [a], —17° (14); 
the resolved (+)- and (—)-AIB [a], + 15.4° and —15.4° de- 
scribed above of m. p. 192-194° and 194-196°, respectively; and 
the (—)-AIB prepared by Balenovié [a] —14°, m. p. 173-175 
(10). 

Some difficulty was encountered in the resolution of acetyl-pL- 
AIB, because both forms made crystalline salts with most 
alkaloids, and they could not be separated effectively by frac- 
tional crystallization. Further difficulty lay in the fact that 
N-acety]-p.-AIB is a racemic compound and has a higher melt- 
ing point and lower solubility than either pure isomer. Neither 
slightly optically impure acetyl derivatives nor free amino acids 
could be improved by recrystallization. These difficulties were 
met by assuring the purity of the cinchonidine salt of acetyl- 
(—)-AIB, and by recrystallization of impure (+)-AIB as the 
hydrochloride. 

Balenovié (10) has succeeded in relating the configuration of 


? This melting point as given is possibly a typographical error. 
and should perhaps be 193-195°. 
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(—)-AIB to that of (—)-2-methylbutanol-1, which, in turn, has 
been related to L-(—)-glyceraldehyde. Some confusion might be 
expected to arise from the assignment of (—)-AIB to a configura- 
tional family. It might be looked upon as an a-aminomethyl- 
propionic acid, in which case it would belong to the L-family as 
a homologue of L-alanine. It seems more desirable however, to 
consider it to be a relative of B- alanine; in this case it would 
belong to the p-family and probably should be named p-(—)-a- 
methyl-8-alanine. With this latter nomenclature, natural 
p-(—)-AIB may be more readily related to other amino acids. 
For example, it would be formed by decarboxylation of erythro-6- 
methyl-Laspartie acid, an epimer of the threo-8-methy]-L-aspartic 
acid formed by Clostridium tetanomorphum (15). In general, 
the Lor natural forms of the amino acids have a bitter taste and 
the p forms are sweet. It is of interest that natural p-(—)-AIB 
has a faintly bitter taste and L-(+)-AIB is faintly sweet. 

Since p-(—)-AIB is formed by the biological degradation of 
dihydrothymine (7), the natural isomer is of obvious importance 
as an intermediate for the preparation of natural dihydrothymine 
and §-ureidoisobutyric acid for studies of thymine metabolism. 


SUMMARY 


(—)-8-Aminoisobutyric acid has been isolated from the urine 
of a person genetically determined as an excretor of the amino 
acid. A preparation of both of the optically active forms of 
B-aminoisobutyric acid is described. The preparation of pL-a- 
ethy!-8-alanine is described. 
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The quantitative measurement of amino acids in different 
areas of the central nervous system has shown that a progressive 
increase takes place in levels of y-aminobutyric acid during 
development (2, 3), and that the concentration of this amino 
acid in adult brain is relatively constant under a variety of 
physiological stresses. -y-Aminobutyric acid is synthesized by 
glutamic acid decarboxylase, an enzyme unique to tissues of the 
central nervous system (4), and is degraded by y- aminobutyrie 
acid-a-ketoglutaric acid transaminase, which is found also in 
other tissues of mammals (5). Both of these enzymes require 
pyridoxal-P as a cofactor (4, 6). It has been shown that, under 
normal conditions, the level of y- aminobutyrie acid in any 
particular brain area is directly related to levels of maximal 
potential glutamic acid decarboxylase activity (7), but appears 
unrelated to levels of y-aminobutyric acid-a-ketoglutaric acid 
transaminase." 

The concentration of y-aminobutyric acid in the brains of 
adult rodents is altered after the intraperitoneal or intravenous 
injection of a number of compounds (8-14). Among the car- 
bonyl trapping agents are compounds which elevate or depress 
levels of y-aminobutyric acid. Thiosemicarbazide, injected into 
rats, lowers levels of y-aminobutyric acid and decreases glutamic 
acid decarboxylase activity (7), whereas hydroxylamine and 
aminooxyacetic acid elevate y- aminobutyrie acid in the brains 
of rats (9, 14). 

The present communication describes some quantitative and 
temporal details of the interrelationship found between the 
levels of y-aminobutyric acid, and the activities of the enzymes 
involved in the synthesis and destruction of this amino acid, 
when hydroxylamine or aminooxyacetic acid was administered 
toanimals. Results of these experiments, which show that these 
compounds inhibit y- aminobutyrie acid-a-ketoglutaric acid 
transaminase in brain, are in agreement with the hypothesis 
that the selective elevation of y-aminobutyric acid in brain tissue 
after administration of hydroxylamine in vivo is the result of a 
decreased rate of utilization of y- aminobutyrie acid by the trans- 
aminase reaction at a time when formation by the glutamic acid 
decarboxylase pathway continues relatively uninterrupted (10), 

EXPERIMENTAL PROCEDURE 


Animals and Brain Samples—Adult Sprague-Dawley rats were 
used. Brain areas for the assay of y- aminobutyrie acid were 


This research was supported by Research Grants 1615 and 
2655 from the National Institute of Neurological Diseases and 
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sampled and analyzed as described previously (15). Samples of 
cortex were taken from nonhomologous loci of each hemisphere 
of the brains of monkeys and cats before treatment with hy- 
droxylamine. Areas of cortex which were homologous to the 
control samples were excised after treatment with hydroxylamine. 
In these experiments, each animal served as its own control. 
This technique has been described previously for the cat (16). 
Treatment—Carbony] trapping agents and pyridoxal were ad- 
ministered intravenously to cats and monkeys and intraperi- 
toneally to rats. Solutions of hydroxylamine hydrochloride and 
aminooxyacetic acid hemihydrochloride were prepared fresh just 
before use, and neutralized with sodium hydroxide to pH 6 or 
6.5 before being injected into animals. 
Analyses—y-Aminobutyric acid was determined in brain 
tissue extracts enzymatically as previously described (10, 15). 
Glutamic acid decarboxylase activity in brain homogenates 
was measured by the determination of the increase in the amount 
of y-aminobutyric acid during incubation of brain homogenates 
with glutamic acid. The system was similar to that employed 
previously for the assay of glutamic acid decarboxylase (4). The 
incubation mixture consisted of 30 mg fresh weight of brain 
homogenate, 10.3 mg of glutamic acid (neutralized) and 50 yg 
of pyridoxal-P (when indicated), in a final volume of 0.6 ml of 
0.1 m phosphate buffer, pH 6.3. Samples were incubated in 
closed vials at 37° with shaking. In contrast to the glutamic 
acid decarboxylase activity in extracts of brain acetone powder,? 
the activity of the enzyme in the homogenate system was not 
inhibited significantly by aerobic incubation conditions. Vials 
containing pyridoxal-P were incubated for 30 minutes while 
those with no pyridoxal-P addition were incubated for shorter 
periods, the activity being expressed in all instances as micro- 
moles of product formed per g of tissue per hour. Variations in 
this protocol are noted with the pertinent experiments. At the 
end of the incubation period, the reaction was stopped by addi- 
tion of 3 ml of 95% ethyl alcohol, and samples were assayed for 
y-aminobutyric acid in the usual manner. Corrections for 
initial content of y-aminobutyric acid were obtained by measur- 
ing the levels found at zero time or after incubation of homoge- 
nate without glutamic acid substrate. Both methods gave es- 
sentially the same “blank” value. All assays were run in dupli- 
cate. Results obtained for glutamic acid decarboxylase activity 
by this method were in general agreement with results obtained 
for the same enzymatic activity by measuring the CO, evolution 
from C-labeled glutamic acid (17). 
y- Aminobutyrie acid-a-ketoglutaric acid transaminase activity 


? D. G. Simonsen and E. Roberts, manuscript in preparation. 
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TaBLeE I 
Effect of hydroxylamine on y-aminobutyric acid levels in 
cortex of different species 
The brain tissues of animals treated with hydroxylamine hydro- 
chloride were sampled 90 minutes after the injection of the drug. 


Bed Control 7- Treated v- 
Specie 5 Hydroxyl- amino- amino- 
weight | amine 
kg 

Rhesus monkey.............. 7.8 7.4 14 37 
Sprague-Dawley rat......... 0.2 37.0 26 54 
Swiss mouse................. 0.02 50.0 27 23 


* The levels of y-aminobutyric acid are expressed as micro- 
grams per 100 mg of fresh brain tissue. Recorded values are 
averages of individual measurements in brain tissues of 3 mon- 
keys, 5 cats, 5 mice, and 36 rats. The largest deviation from any 
single value from the average of a group was no greater than 20%. 

t The injected dose is expressed as free base. 


was determined by a method devised for measurement of this 
enzyme in extracts of beef brain acetone powders (6). The 
equivalent of 60 mg of homogenized rat brain in 0.1 m borate 
buffer, pH 8.2, was incubated for 1 hour with a-ketoglutarate 
and y-aminobutyric acid substrate at 37°. No pyridoxal-P was 
added to the mixture unless specifically indicated. Homoge- 
nates incubated in a system from which a-ketoglutarate was 
omitted served as blanks. 

Tissue extracts were prepared for chromatography by a 
method identical to that used in the preparation of samples for 
the enzymatic assay of y-aminobutyric acid. The extracts of 
30 mg of fresh tissue contained in 50 ul were analyzed by de- 
scending two-dimensional chromatographic procedures based 
upon well established techniques (18). 

Materials Hydroxylamine, mercaptoethanol and the O-methyl 
derivative of hydroxylamine, as well as sodium malonate, di- 
acetylmonoxime, butyrolactone, nitromethane, phenylhydrazine, 
acetanilide, and p-aminopropiophenone were obtained from the 
Chemical Division of Eastman Kodak. The N-methyl deriva- 
tive of hydroxylamine was synthesized from nitromethane by 
the method described by Weygand (19). y-Aminobutyric acid 
hydroxamie acid, y-aminobutyric acid ethyl ester, - amino- 
butyric acid isopropyl ester, N-acetyl y-aminobutyric acid, 
N-lauroyl y- aminobutyrie acid, y-ethylglutamic acid, y-methyl- 
glutamic acid, and pyrrolidone carboxylic hydroxamide were 
donated by Dr John R. Sunnygard of General Mills, Inc. 
Glutamic acid, t-tyrosine hydroxamide, and a-ketoglutaric acid 
were purchased from the California Corporation for Biochemical 
Research. Azaserine was donated by Dr. R. W. Fleming of 
Parke, Davis Research Laboratories, Detroit, O-benzyl hydroxyl- 
amine hydrochloride, and N-phenylisopropylhydroxylamine 
maleate by Dr. John Biel of Lakeside Laboratories, Milwaukee, 
Wisconsin. a-Oximino-8-phenylpropionic acid (Na salt), a-ox- 
imino-8-indolylpropionic acid and a-oximino isocaproic acid were 
the gifts of Dr. W. H. Hartung, Medical College of Virginia. 
Samples of isonicotinylhydroxamic acid and 2-aminonicotiny]- 
hydroxamie acid were donated by Dr. A. Fuerst, Stanford 
University, and a sample of pyridoxamine-P by Dr. E. E. Snell, 
University of California. TPN was supplied by Pabst Labora- 
tories. 3-Acetylpyridine and DPN were purchased from Sigma 
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Chemical Company, and sodium barbiturate from Mallinckrodt 
Chemical Works. All salts, sodium arsenite, and sodium nitrite 
were reagent grade chemicals purchased from J. T. Baker Chenj. 
cal Company. 


RESULTS 


Levels of y-Aminobutyric Acid after Hydroxylamine Adminis 
tration—Increases in levels of y-aminobutyric acid were found 
in all areas of brain examined after injection of hydroxylamin. 
into cats, rats, and monkeys. Of the species studied to date 
only the mouse has failed to respond to hydroxylamine with 
elevated levels of y-aminobutyric acid in the brain. The smal 
but consistent decrease in levels of y- aminobutyrie acid in the 
mouse cortex after treatment with hydroxylamine is illustrated 
in Table I. 

In the rat, the extent of elevation of y-aminobutyric acid 
differed for each brain area (10). Time and dosage respons 
curves for four of these areas are illustrated in Figs. 1 and 2 
After the intraperitoneal administration of 75 mg of hydroxyl. 
amine hydrochloride per kg of body weight to rats, the level of 
-aminobutyric acid in all tested areas of the brain started to 
rise within 30 minutes and reached a peak approximately 90 
minutes after injection. Elevated levels of y-aminobutyric acid 
persisted in some areas for more than 24 hours (Fig. 1). 

Each area of brain appears to have characteristic levels of 
glutamic acid decarboxylase and y-aminobutyric aeid- a- keto- 
glutaric acid transaminase activities (20-22).! Levels of 
y-aminobutyric acid were measured in representative areas with 
a combination of high decarboxylase and high transaminase levels 
(colliculi and diencephalon), low decarboxylase and high trans- 
aminase (cerebellum), and low decarboxylase and low trans 
aminase (cortex) at 90 minutes after intraperitoneal injection of 
various doses of hydroxylamine hydrochloride. Those areas 
with high glutamic acid decarboxylase levels showed a quantita- 
tively greater increase of y-aminobutyric acid levels with in- 
creasing dosage than did those in which the level of decarboxylase 
activity was low (Fig. 2). 

Effect of Methemoglobinemia—A well known effect of hydroxyl- 
amine, when injected into mammals, is the formation of methe- 
moglobin (23). In young adult rats, an injection of hydroxyl 
amine hydrochloride at a level of 75 mg per kg of body weight 
resulted in an initial blanching and subsequent darkening of the 
extremities within 4 to 10 minutes. Occasionally, a mild con- 
vulsion caused by temporary anoxia occurred within 5 minutes. 
Animals were prostrated for about 30 minutes and then recov- 
ered rapidly. The blood of many of the hydroxylamine-treated 
rats contained visible amounts of methemoglobin at the time of 
decapitation. The possibility that methemoglobin and the 
resulting anoxia were responsible for elevated levels of y- amino- 
butyric acid in brain was checked. Several substances known 
to produce methemoglobinemia (23) were injected into rats. 
Visible darkening of the blood was produced by all of the agents 
except acetanilide. In no instance was the formation of met- 
hemoglobin (and the concomitant anoxia) accompanied by an 
elevation in the levels of y-aminobutyric acid in any area of the 
rat brain (Table II). Methemoglobinemia per se, therefore, can 
be eliminated as a primary cause of the elevated levels of 7- 
aminobutyric acid. 

Hydroxylamine is metabolized to ammonia by the hemoglobin 
of human blood (24). However, the administration of ammo- 
nium salts produced no elevation of y-aminobutyric acid in 
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Fic. 1. Changes in levels of y-aminobutyric acid (y-ABA) in 
three areas of rat brain after treatment with hydroxylamine. 
Response in time to injection of 0.5 to 0.7 ml of hydroxylamine 
hydrochloride. Injected dose, 75 mg per kg of body weight. 
Rats were decapitated at various times after injection. Range of 
results with 3 to 5 animals per time period is indicated. The best 
curve was drawn through averages. The range of normal values 
for each brain area, based upon individual determinations from 
more than three dozen rats, is indicated by shading. 


brains of rats* or in dogs (25) as evaluated by chromatographic 
analysis. 

Specificity of Hydroxylamine in Vivo—A survey of derivatives 
of hydroxylamine and compounds related to y-aminobutyric 
acid and glutamic acid showed that only hydroxylamine pro- 
duced the elevation in levels of - aminobutyrie acid in the 
brains of rats. A number of oximes and hydroxamides were 
tested because of the possibility that passage through the blood- 
brain barrier, and subsequent hydrolysis, might result in a slow 
intracephalic release of hydroxylamine. However, all of the 
substances tested failed to elevate levels of y-aminobutyric acid 
in brain in vivo. The following compounds were tested: a-ox- 
imino-8-phenylpropionic acid (218 mg per kg), a- oximino- 
indolylpropionic acid (236 mg per kg), a-oximino isocaproic acid 
(156 mg per kg), diacetylmonoxime (150 mg per kg), L-tyrosine 
hydroxamide (211 mg per kg), y-aminobutyric acid hydroxamide 
(125 mg per kg), isonicotinyl hydroxamide (149 mg per kg), 
pyrrolidone carboxylic hydroxamide (156 mg per kg), 2-amino- 
nicotinyl hydroxamide (165 mg per kg), y- aminobutyrie acid 
ethyl ester (300 mg per kg), and -aminobutyric acid isopropyl 
ester monohydrochloride (500 mg per kg). The last named 
compound was extremely toxic. -Aminobutyrie acid and glu- 
tamie acid derivatives, N-acetyl y-aminobutyric acid (2 g per 


C. F. Baxter, L. Ruth, and E. Roberts, unpublished data. 
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Fic. 2. Changes in levels of y-aminobutyrie acid in four areas 
of rat brain after treatment with different amounts of hydroxyl- 
amine. Response to injection of 0.5 to 0.7 ml of hydroxylamine 
hydrochloride. Injection on basis of body weight which ranged 
from 170 to 200 g. Rats were decapitated 90 minutes after injec- 
tion. Individual results for levels of y-aminobutyrie acid (y- 
ABA) are indicated at each dosage level. 


kg), N-lauroyl y-aminobutyric acid (2 g per kg), y-ethylglutamic 
acid (750 mg per kg) and y-methylglutamic acid (500 mg per 
kg), were thought to pass with greater ease through the blood- 
brain barrier. All of these compounds were ineffective in 
changing levels of y-aminobutyric acid in brain. N-Lauroyl 
y- aminobutyrie acid was extremely toxic. 

Experiments with N-Methyl and O-Methyl H ydroxylamine—The 
relative importance of the amino and hydroxy group of hydroxyl- 
amine in the inhibition of y- aminobutyrie acid-a-ketoglutaric 
acid transaminase was investigated. O-Methyl hydroxylamine 
had no effect in vivo upon the level of y-aminobutyric acid in 
rat brain, but inhibited the transaminase when added directly 
to a homogenate system. This inhibition was weaker than that 
produced by hydroxylamine in equimolar amounts. N-Methyl 
hydroxylamine was inactive both in vivo and in vitro (Table III). 
The requirement in vitro of an intact amino group is in agreement 
with the hypothesis that hydroxylamine interacts with the alde- 
hyde group of the pyridoxal-P coenzyme of y- aminobutyrie 
acid-a-ketoglutaric acid transaminase. O-Methyl hydroxyl- 
amine may be inactive in vivo because of its inability to pass the 
blood-brain barrier. 

Inhibition of y-Aminobutyric Acid-a-Ketoglutaric Acid Trans- 
aminase by Hydroxylamine—Evidence is presented in Table IV 
that hydroxylamine administered in vivo inhibits the transaminase 
directly. Enzyme assays of y-aminobutyric acid-a-ketoglutaric 
acid transaminase in brain tissue of normal and hydroxylamine- 
treated animals indicated that, in the latter, the transaminase 
was inhibited by more than 50%. Injection of pyridoxine or 
pyridoxal into hydroxylamine-treated rats did not reverse this 
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TABLE II 
Effects of methemoglobinemia producing agents on levels of y-aminobutyric acid in rat brain 
Solutions of all drugs were adjusted to a neutral pH before injecting them intraperitoneally. Brain tissues were sampled 90 minute 


after the administration of the drug. 


Levels of y-aminobutyric acid are expressed as micrograms per 100 mg of fresh brain tissy 


Average values are calculated from results obtained in the analysis of brain tissue from 5 or more adult female Sprague-Dawley ray 


The ranges of values are shown in parentheses and appear greatest in normal and hydroxylamine-treated rats. 


This greater varis. 


bility is attributed to the very much larger number of animals contained in these two groups. 


Drug Dose Cortex Cerebellum Colliculi 
mg/kg body weight ug y-aminobulyric acid/100 mg fresh brain tissue 
26 (23-29) 28 (26-34) 56 (48-61) 
r 150 | 24 (22-25) 29 (28-29) 45 (44-47) 
Aminopropriophenone......................... 40 | 24 (23-26) 26 (24-27) 50 (48-53) 
ESO ˙ AW 5 | 25 (23-27) 34 (33-35) 59 (58-64) 
Hydroxylamine hydrochloride................. 75 | 47 (45-54) 38 (35-44) 85 (77-95) 
TABLE III Structural elements and membrane barriers of brain tissy 


Effect of methylated hydroxylamine derivatives in rat brain 


Injection or addition y-Aminobutyric acid otoglutaric acid trans- 
aminase activityt 
eee 51 | 8 
26 | 18 
. 25 | 40 


* Hydroxylamine or the methylated derivatives were injected 
intraperitoneally at levels equivalent to 75 mg of hydroxylamine 
hydrochloride per kg of body weight. After 90 minutes, the 
levels of y-aminobutyric acid were determined in tissues of the 
cortex. The methyl derivatives of hydroxylamine were tested 
in two groups of four animals each. Levels of y-aminobutyric 
acid are expressed as micrograms per 100 mg of fresh brain tissue. 

t A homogenate of normal rat brain was prepared and potential 
inhibitors were tested in vitro at final concentrations of 1 X 10 M. 
No pyridoxal-P was added. Activity is expressed as micromoles 
of glutamic acid formed per g of fresh tissue per hour. 


inhibition. Addition of pyridoxal-P in vitro inhibited the trans- 
aminase activity to some extent in the homogenates of both 
normal and treated rats (Tables IV and V). The cause of this 
inhibition is not known. In contrast to the transaminase, the 
activity of glutamic acid decarboxylase in hydroxylamine-treated 
animals was at most only slightly inhibited, never more than 
25% and frequently not at all. When inhibition occurred 
(Table IV), it was easily reversed by the addition of pyridoxal-P 
to the incubation mixture. 

Studies with brain homogenates of normal rats showed the 
inhibition of the transaminase by hydroxylamine in vitro to be 
competitive with y-aminobutyric acid (Fig. 3). Earlier studies 
with the transaminase prepared from extracts of beef brain 
acetone powder indicated that the inhibition in vitro of the 
enzyme system with hydroxylamine could be partially reversed 
by dialysis and more effectively by the addition of pyridoxal-P 
to the incubation mixture (6). 
was not observed when brain homogenates of hydroxylamine- 
treated rats were used, nor was activity restored by the addition 
of pyridoxamine-P, DPN, or preincubation of the homogenates 
with any of these substances (Table V). Prolonged dialysis in- 
activated the enzyme in brain homogenates of treated and control 
rats. 


Reactivation with pyridoxal-P 


may be altered or destroyed during homogenization, and elim 
nated in extracts of acetone powder preparations. The diffe. 
ences in effect of inhibitors and activators of an enzyme systen 
in the in vivo and in vitro systems might be attributed to thes 
changes. Alternatively, the results suggest the possibility ths 
hydroxylamine inhibition of y-aminobutyric acid-a-ketoglutar: 
acid transaminase in vivo may proceed by a mechanism which 
differs from that observed in vitro. 

Comparison of Treatment with Hydrorylamine and Amin 
oxyacetic Acid—Both hydroxylamine and aminooxyacetic acid 
have been shown to elevate levels of y-aminobutyric acid i 
brains of rats in vivo (10, 14). Experiments in vitro have den- 
onstrated that these reagents are powerful inhibitors at lor 
concentrations of both y-aminobutyric acid-a-ketoglutaric acid 
transaminase and glutamic acid decarboxylase (6, 26).2 In eon 
trast, aminooxyacetic acid has no demonstrable effect upon 
glutamic acid decarboxylase in vivo (Fig. 5). Under similar 
conditions, hydroxylamine had only a slight inhibitory effect 
upon this enzyme (Table IV, Fig. 4). 

The changes in levels of y-aminobutyric acid, and in the ae. 
tivities of the transaminase and decarboxylase in whole rt 
brain after the injection of hydroxylamine or aminooxyacetic 
acid, were studied as a function of time. Results are shown in 
Figs. 4 and 5. Although both compounds produced similar u. 
sults, aminooxyacetic acid appears to have the more powerful 
and prolonged effect. In both instances, the time of maximal 
elevation of y-aminobutyric acid corresponded closely to the 
time of greatest inhibition of the transaminase. At later time 
periods, levels of y-aminobutyric acid returned to normal mor 
rapidly than the transaminase activity. One possibility sug 
gested by this discrepancy is that an alternate pathway for th 
utilization of y-aminobutyric acid may be facilitated when the 
transaminase, the primary pathway, is inhibited. This possibi- 
ity is under investigation. 

When both hydroxylamine and aminooxyacetic acid wer 
injected into the same animal, the inhibition of the y-amine 
butyric acid-a-ketoglutaric acid transaminase approached the 
sum of the inhibitions shown with either substance alone (Tabe 
VI). Periods beyond 1} hours were not studied since in th 
doses employed the combination of drugs was lethal within 4 
hours. 

Accumulation of B-Alanine in Liver—In addition to their effect 
upon - aminobutyrie acid-a-ketoglutaric acid transaminase d 
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TaBLe IV 
Effect of hydrozylamine and pyridozal upon the levels of y-aminobutyric acid, y-aminobutyric acid-a-keloglutaric acid 
transaminase, and glutamic acid decarborylase in rat brain in vivo 
Time after initial |, Level of v. — 
Brain area Rats testedꝰ Compounds injected injection er we 
Pyridoxal-P P 

Whole brain 2 22 30 27 
Whole brain 2 Hydroxylamine 75 36 17 25 
Whole brain 2 Hydroxylamine 210 48 15 24 
Cerebellum 4 . 19 61 47 
Cerebellum 4 Hydroxylamine 90-100 29 29 22 
Cortex 5 21 14 33 14 28 
Cortex 5 Hydroxylamine 90-100 45 19 17 13 28 
Cortex 2 90 19 41 38 20 28 
Cortex 2 Hydroxylamine and pyridoxal 90 40 18 14 25 

10 min later 
Cortex 2 Hydroxylamine and pyridoxal 80 36 17 13 26 
70 min later 
* Results are based upon experiments with female rats weighing 180 to 210 g. 


t Hydroxylamine hydrochloride was injected at a level of 75 mg per kg of body weight. Pyridoxal hydrochloride (partially neu- 
tralized) was administered at a level of 400 mg per kg body weight. 


brain, hydroxylamine and aminooxyacetic acid appear to bring 


about an accumulation of B-alanine in the liver. 


Presumably, 


this is the result of an inhibition of 8-alanine-a-ketoglutaric acid 
transaminase, an enzyme that may be identical to the y-amino- 
butyric-a-ketoglutaric acid transaminase of brain and other 


sor 1X10" OH 
30 
10 
0 0 


Fig. 3. Lineweaver-Burke plot of y-aminobutyric acid-a-keto- 
glutaric acid transaminase activity as a function of substrate and 
inhibitor concentration. Technical difficulties prevented the 
testing of a-ketoglutarate as a competitive substrate. Hydroxyl- 
amine and y-aminobutyric acid (y-ABA) were added simultane- 


ously to the incubation mixture. 


TaBLeE V 
Effect of various additions and treatments in vitro upon y-amino- 
butyric acid-a-ketoglutaric acid transaminase activity in 
homogenates of brain cortez of normal and 


hydrozylamine-treated rats 
Glutamic acid 
formed 
Treatment of homogenates | Additions to incubation mixture 
Con- | Trea- 
trol | tedꝰ 
pmoles/g tissue / 

R 49 16 
Pyridoxal-P, 100 ug 42 13 
Pyridoxamine-P, 100 ug 45 14 
AW DPN, 800 ug 46 16 
Pyridoxal-P + DPN 37 13 
Dialyzedf............ 8 8 
Dialyzedf............ Pyridoxal-P, 100 ug 5 3 
Incubated}........... 39 11 
Incubated}........... Pyridoxal-P, 100 ug 43 13 


* Animals were treated with hydroxylamine hydrochloride, 75 
mg per kg of body weight. Brains were removed 90 minutes 
after injection. 

t Homogenates were dialyzed for 1 hour against 0.1 u borate 
buffer pH 8.2 at 4°. The buffer was identical to that used in the 
incubation mixture. 

t Preincubation for 10 minutes at 37° with pyridoxal-P. 


tissues (5, 27). Chromatographic evidence for the specificity 
of hydroxylamine and aminooxyacetic acid in brain and liver 
are shown in Fig. 6. Administration of hydroxylamine resulted 
in no significant changes in the level of ninhydrin-reactive con- 
stituents in liver and brain other than those already mentioned. 
In rats treated with aminooxyacetic acid, G- alanine accumulation 
was noted also in kidney and spleen. No changes were found in 


No. 
inutes 
tissue 
ey Pats 
r Varig. 
) 
) 
) 
) 
) 
tissu 
1 elimi. 
differ. 
systen 
o thex 
ty that 
which 
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Fic. 4. A comparison of responses to hydroxylamine of y-amino- 
butyric acid levels, y-aminobutyric acid-a-ketoglutaric acid trans- 
aminase activity and glutamic acid decarboxylase activity. 
Changes with time after injection of 0.5 to 0.7 ml of hydroxylamine 
hydrochloride. Injected dose, 75 mg per kg of body weight. The 
activities of the transaminase and the decarboxylase were meas- 
ured without the addition in vitro of pyridoxal-P. All activities 
and levels are those found in homogenates of whole brain without 
pons and medulla. The abbreviations used are: y-ABA, y-amino- 
butyric acid; GAD, glutamic acid decarboxylase; 7-ABA-T, - 
aminobutyric acid-a-ketoglutaric acid transaminase. 


skeletal muscle, but in heart muscle a decrease in lysine content 
was observed which may be related to shifts in electrolyte bal- 
ance. Levels of lysine have been shown to increase in muscle of 
potassium-deficient rats (28). 
Failure of Dehydrogenase Inhibitors to Produce Increases in 
y-Aminobutyric Acid in Vivo—Since the equilibrium of the 
isolated transamination reaction 
NH:—(CH:);—COOH + COOH—(CH:):—CO—COOH s 
CHO—(CH:):;COOH + COOH—(CH:):—CNH:—COOH 


is to be left (29) and is shifted to the right only when coupled to 
the enzymatic dehydrogenase reaction 


CHO—(CH:):—COOH + 2DPN + H :O @ 
COOH—(CH:):—COOH + 2DPNH 


it appeared possible that hydroxylamine also might be elevating 
y-aminobutyric acid by inhibiting the DPN-linked dehydro- 
genase reaction. Experiments conducted to explore the feasi- 
bility of elevating y-aminobutyric acid through an inhibition of 
the DPN-linked succinic semialdehyde dehydrogenase in vivo 
were uniformly negative. The depression of DPN levels with 
3-acetylpyridine (160 mg per kg) (30), azaserine (75 mg per kg) 
(31), or the elevation of DPN levels with nicotinamide (400 mg 
per kg) (32) failed to alter the level of y-aminobutyric acid in 
rat brains. Similarly negative results were obtained with sodium 


oxamate (200 mg per kg), sodium barbiturate (150 mg per kg), 


with arsenite (5 mg per kg), another inhibitor of succinic semi- 
aldehyde dehydrogenase (33), and with sodium malonate (1 g 
per kg) (34), an inhibitor of succinate oxidation. 

It has been shown that brain converts y-hydroxybutyric acid 
(sodium salt) to succinic semialdehyde enzymatically (35). Al- 
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though the intraperitoneal injection of this compound into rats 
had very profound physiological effects (36), it did not alter the 
levels of y-aminobutyric acid in treated animals. All tests wer 
conducted within 1 to 23 hours after injection of these com. 


pounds. 
DISCUSSION 


Successful methods for elevating the levels of y-aminobutyric 
acid in brain tissue in vivo can be divided into two groups. Some 
investigators have modified the blood-brain barrier by physica] 
or chemical means, thereby permitting entry of exogenous 3. 
aminobutyric acid into brain tissue (37, 38). Alternatively, 
endogenous levels of y- aminobutyrie acid have been elevated, 
presumably by inhibiting a step in the reaction sequence ip. 
volved in the degradation of y-aminobutyric acid. Of tbe 
many compounds tested, only hydroxylamine, aminooxyacetie 
acid, and lethal doses of 2,4-diaminobutyric acid (11, 12) have 
been shown to elevate endogenous - aminobutyrie acid. The 
report that ethanol administered in vivo elevated levels of ». 
aminobutyric acid (39) could not be confirmed with fed Spragw. 
Dawley rats.! 

Hydroxylamine has been shown to elevate y-aminobutytic 
acid, probably through the selective inhibition of - aminobutyre 
acid-a-ketoglutaric acid transaminase. If inhibition is attained 
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Fic. 5. A comparison of responses to aminooxyacetic acid of 
y-aminobutyric acid levels, y-aminobutyric acid-a-ketoglutane 
acid transaminase activity and glutamic acid decarboxylase 8e. 
tivity. Changes with time after injection of solution of amino- 
oxyacetic acid hemihydrochloride. Injected dose, 50 mg per kg 
of body weight. The activities of the transaminase and the de 
carboxylase were measured without the addition in vitro of pyn- 
doxal-P. All activities and levels are those found in homogenates 
of whole brain without pons and medulla. The abbreviations 
used are: y-ABA, y-aminobutyric acid; GAD, glutamic acid de. 
carboxylase; y-ABA-T, y-aminobutyric acid-a-ketoglutaric 
transaminase. 
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through the interaction of hydroxylamine with the aldehyde 
grou) of the pyridoxal-P coenzyme, the differential effect of 
hydroxylamine upon glutamic acid decarboxylase and the trans- 
aminuse might be explained in terms of the relatively greater 
affinity of the pyridoxal-P oxime for the apoenzyme of the trans- 
aminase than for that of the decarboxylase. There is presump- 
tive evidence that pyridoxal-P itself is more tightly bound to 
the transaminase than to the decarboxylase apoenzyme (40). 
It is conceivable that the transaminase-pyridoxal-P-oxime com- 
plex may be more stable than the decarboxylase complex, from 
which the inactive coenzyme might dissociate more easily with 
the consequent reactivation by pyridoxal-P available in the 
tissue. Recent results in our laboratory have shown that pyri- 
doxal oxime does not inhibit the y- aminobutyrie acid-a-keto- 
glutaric acid transaminase in vivo.'! This observation is in accord 
with the concept that the apoenzyme-coenzyme bond of the 
transaminase is very strong, permitting little, if any, substitution 
with the oxime directly. It is of interest to note in this regard 
that glutamic acid decarboxylase was inhibited by pyridoxal 
oxime in these experiments. The competitive nature of the 
hydroxylamine inhibition in vitro (Fig. 3) suggests that the free 
aldehyde group on the coenzyme is a likely site of attachment 
for the substrate of the transaminase. A similar conclusion was 
reached in a study on inhibition of the bacterial glutamic acid 
decarboxylase by hydroxylamine (41). Although studies in 
vitro with glutamic acid decarboxylase and y-aminobutyrie acid- 
a-ketoglutaric acid transaminase from mammalian brain have 
shown that hydroxylamine and aminooxyacetic acid are powerful 
inhibitors of both enzymes, in the intact animal only one of these 
enzymes is inactivated to an appreciable extent. These differ- 
ences may be related to the interaction of the inhibitor with per- 
meability and transport phenomena in the intact tissue. Also, 
the possibility must be considered that the injected inhibitor 
was changed in vivo in some way before exerting its biochemical 
effect. 


SUMMARY 


1. An elevation of levels of y-aminobutyric acid in the brains 
of rats, cats, and monkeys was observed after the intraperitoneal 
injection of nonlethal doses of hydroxylamine. Of all species 
tested, only the mouse failed to respond to hydroxylamine in a 
similar manner. 

2. The response to hydroxylamine was studied in rats as a 
function of dosage and time. The largest and most rapid eleva- 
tion of y-aminobutyrie acid was noted in areas of brain which 
contain high levels of glutamie acid decarboxylase activity. 
Elevation of y-aminobutyric acid persisted in some areas for as 
long as 24 hours. 

3. The increase in y-aminobutyric acid of brain tissue in vivo 
was not the result of methemoglobinemia, anoxia, or of ammonia 
intoxication. 

4. Hydroxylamine and aminooxyacetic acid inhibited y- Amino- 
butyric acid-a-ketoglutaric acid transaminase in vivo without 
appreciably affecting the activity of glutamic acid decarboxylase. 
This contrasts with in vitro studies in which both enzymes were 
inhibited by these compounds at low concentrations. 

5. Aminooxyacetic acid had a longer lasting effect than hy- 
droxylamine upon the elevation of y-aminobutyric acid in brain. 
Both compounds elevated levels of 8-alanine in liver. Levels 
of y-aminobutyric acid returned to normal more rapidly than 
did the activity of y-aminobutyric acid-a-ketoglutarie acid 
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TaBLe VI 
Effect of hydrorylamine and aminooxyacetic acid in vivo upon 
y-aminobulyric acid-a-ketoglutaric acid transaminase 
activity of rat brain 
All drugs were administered by intraperitoneal injection. 
Enzymatic activity is that of whole brain. Transaminase activ- 


ity in control brain homogenates was almost identical to that 
recorded in Table IV. 
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Fic. 6. Effect of hydroxylamine and aminooxyacetie acid on 
the concentration of amino acids in brain cortex and liver of rats. 
Hydroxylamine hydrochloride was injected at level of 75 mg per 
kg of body weight. Animals were decapitated 90 minutes after 
injection. Aminooxyacetie acid hemihydrochloride was injected 
at level of 100 mg per kg of body weight. Animals were decapi- 
tated 6 hours after injection. Chromatograms represent ninhy- 
drin-positive compounds in extract of 30 mg equivalents of fresh 
tissue. Arrows in chromatograms a to ¢ point to spots represent 
ing y-aminobutyrie acid. Arrows in chromatograms d to f point 
to spots identified as 3-alanine. The great variability in taurine 
concentration in the liver of rats is a normal phenomenon and is 
not the result of drug administration. Origin at right hand bot 
tom of each figure. Horizontal solvent, phenol-water; vertical 
solvent, lutidine-water. The abbreviations used are: NH.OH; 
treated with hydroxylamine; AOAA, treated with aminooxyacetic 
acid. 


transaminase after treatment with these drugs. Possible impli- 
cations of this observation are discussed. 

6. Hydroxylamine was shown to be a competitive inhibitor 
of y-aminobutyric acid-a-ketoglutaric acid transaminase, prob- 
ably by competing with the amino group of y-aminobutyric acid 
for attachment to the aldehyde group of the coenzyme. 
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X large number of oximes, hydroxamates, derivatives and 


analogues of y-aminobutyric acid, and glutamic acid, as well as 
other compounds known to inhibit succinic semialdehyde dehy- 
drogenase in vitro, were injected into rats and failed to elevate 
levels of y-aminobutyric acid in the brains of these animals. 
The intact amino group of hydroxylamine appears essential for 
the inhibition of y-aminobutyric acid-a-ketoglutaric acid trans- 


amiinase. 
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Diaminopimelic acid was discovered by Work in 1949 (1) and 
was shown by her to be widely distributed among bacterial 
species (2). Since that time, the amino acid has been shown to be 
a constituent of the bacterial cell wall (3), and to serve as an 
intermediary in the formation of lysine in bacteria, algae, certain 
fungi, and higher plants (4-8). Studies on the biosynthesis of 
the compound have indicated that aspartic acid is a precursor of 
four of the carbon atoms (9), whereas the other three are derived 
from pyruvic acid (10). In addition, evidence has been provided 
that N-succinyl-a-amino-e-ketopimelate, N-succiny]-L-diamino- 
pimelate, and L-diaminopimelate are sequential intermediates in 
the formation of mesodiaminopimelate (11-14). 

It was of interest to determine which end of the diamino- 
pimelate molecule had been succinylated in the course of its 
biosynthesis, i.e. that portion derived from aspartate or that 
derived from pyruvate. One could not, however, determine this 
directly by isotopic methods, starting with aspartate-C™ and 
isolating mesodiaminopimelate, for one of the intermediates, 
L-diaminopimelate, is symmetrical, and radioactivity from 
4 or 3-carbon precursors would, therefore, be randomized. 
Lysine also, although itself asymmetrical, would be unsuitable 
for the same reason. Use was made, therefore, of the asymmetry 
of N-succinyl-L-diaminopimelic acid, an intermediate which oc- 
curs before L-diaminopimelic acid. Uniformly labeled aspartic 
acid-C“ was added to a mutant culture which was accumulating 
Vauceinyl-L-diaminopimelie acid; the compound was isolated 
and partially degraded in order to establish the contribution of 
aspartic acid to different carbon atoms. The isotope distribu- 
tion indicated that aspartic acid was a precursor of that portion 
of the molecule to which succinic acid is attached. A preliminary 
communication of these results has appeared (15). 


EXPERIMENTAL AND RESULTS 


Materials and Methods 


Escherichia coli (ATCC 9637) (Waksman strain) and mutant 
D-1 (13) were utilized. Mutant D-1 (a) was obtained as 
described below. Stock cultures were maintained on Medium A 
(16) and enriched with a tryptic digest of casein (N-Z case, 
Sheffield), 2 mg per ml, mesodiaminopimelic acid, 4 ug per ml, 
and Difeo yeast extract, 2 mg per ml. Glucose (0.5%) was 
added aseptically after autoclaving. N-Succinyl-.-diamino- 
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pimelic acid was prepared and isolated from bacterial growth 
media as described below (13). 

a-Amino acids were determined according to the ninhydrin 
method of Moore and Stein (17). The determination of diamino- 
pimelie and N-succinyl-L-diaminopimelic acids was done with 
acidic ninhydrin as described previously (13). Growth was 
measured in a Klett-Summerson photoelectric colorimeter with a 
no. 660 filter. 

Uniformly labeled L-aspartate-C™ was used containing 6650 
e. p. m. per amole of carbon. This sample has been previously 
described (10). Radioactive amino acids were decarboxylated 
to CO, according to Van Slyke et al. (18); decarboxylation of 
acids was done according to Phares (19); and combustion of 
radioactive samples to CO: was done according to Van Slyke and 
Folch (20). Carbon dioxide obtained was precipitated as 
BaCOs,, plated on weighed paper disks and counted with a thin 
end window Geiger tube to an error of 3%. Corrections to 
infinite thinness were made (21). 

Isolation and Characteristics of Mutant D-1(a)—To minimize 
metabolic mixing of isotope from aspartic acid-C™ with pyruvic 
acid during growth and accumulation of N-succiny]-t-diamino- 
pimelic acid, it was desirable to add aspartic acid-C™ to the 
culture immediately after the growth period, but preceding the 
accumulation period. Therefore, the sequence of events leading 
to accumulation was examined. 

N-Succiny]-L-diaminopimelie acid is accumulated by cultures 
started with the diaminopimelie acid-requiring auxotroph D-1. 
The accumulation occurs in two stages. At first, growth of D-1 
occurs until the exogenous diaminopimelie acid is exhausted, at 
which time the cells of D-1, unable to form more cell wall, lyse. 
However, the large numbers of D-1 present before lysis assure 
the appearance in the population of a substrain D-1 (a). Ace- 
cumulation is actually carried out by the substrain. To simplify 
the experiment and more precisely control the time of onset of 
accumulation, cultures of D-1(a) were isolated and used for the 
formation of isotopically labeled N-succinyl-t-diaminopimelic 
acid. 

D-1(a) was isolated by plating material from 3-day cultures of 
D- i grown in medium A (16) enriched with Llysine-HCI (30 mg 
per ml) and mesodiaminopimelie acid (1 mg per ml). 

D-1(a) grew rapidly on lysine without diaminopimelic acid and 
more slowly without enrichment. This was in contrast to D-1, 
which did not grow without diaminopimelic acid. No lysis was 
observed with D-1(a). D-1(a) accumulated moderate amounts 
of N-suceinyl-Ldiaminopimelie acid (300 mg per liter of culture 
fluid) when grown on minimal medium. Platings of this strain 
showed heterogeneous colony size when deprived of lysine. Pick- 


em. 
926 
922 
iley 

368 

B., 
em., 

1. J. 

932 

823 

AND 
„M. 

956). 
. J. 
236, 
806, 
2. J. 
Phar- 
959). 

ino 
7. 

— 
3295 


3296 
300 
al 
WwW 
: 
ASPARTATE 
5 — 
> | 
2 | : 
8 | 
> 200+r— | — 
VA 
D> 
2 
8 
— 
2 
5 
U 
2 100 — 2 — 
x 
— GROWTH 
8 
SUCCINYL-DIAMI- 
NO- PIMELATE 
* — — 
ses 


HOURS 


Fia. 1. Relation of growth to accumulation of N-succinyl-t- 
diaminopimelate in D-1 (a). hey 


89101 
2 
3 
4 
NINH YORIN 5 2,4 DINITRO- 
| 
2 C-N-C-C- 
wet : 
NO, 
7 6 Co. 
1 C | 
2 C-N 8 Cc 
8 24 * 10 C ' 
48 8 
6 6 C- N 3 
7 a + 
s¢ NO, " 
N/NHYORIN 6 
7 C 
| 


Fic. 2. Degradation of N-suceinyl-L-diaminopimelie acid 


© 

a 

N“N 


Diaminopimelate Synthesis 


Vol. 236, No. 12 


ing and plating of either only large or only small colonies gave 
rise in every case to the same heterogeneous population of small 
and large colonies, which was expressed only on minimal medium, 
A curious observation was that when tap water was substituted 
for distilled water in minimal medium, growth was excellent, but 
accumulation did not occur. Essentially, the same results were 
obtained when cobalt (2 x 10-4 M) was added to the usual 
medium. 

Preparation of N-Succinyl-x-diaminopimelic Acid- C Ne- 
dium A, 500 ml, was inoculated with 50 ml of a fresh subculture 
of D-1(a) in Medium A (16). The culture was aerated by means 
of a magnetic stirrer. Growth was followed by optical density 
readings, and accumulation of N-succinyl-L-diaminopimelic acid 
was followed by the acid ninhydrin test (13). When logarithmic 
growth had ceased, 1 mg of radioactive aspartic acid was added 
at the time indicated in Fig. 1. When the rate of accumulation 
decreased, the culture was cooled in ice, cells were removed by 
centrifugation, and WN-succinyl-L-diaminopimelic acid was 
isolated from the supernatant fluid. (13). The lithium salt 
obtained was converted to the barium salt, and 70 mg were ob- 
tained, containing 6.7 e. p. m. per umole of carbon. 

A second quantity of N-succinyl-t-diaminopimelic acid-C" 
was prepared by pooling three separately grown quantities of 
cells to which 1 to 3 mg of aspartic acid-C™ was added during the 
accumulation period as before. The lithium salt obtained was 
converted to the ammonium salt by elution from a small Dewex 
50 column with ammonium hydroxide; 300 mg were obtained, 
containing 12.9 c. p. m. per umole of carbon. Both preparations 
were used for subsequent degradation. 

Degradation of N-Succinyl-1-diaminopimelic Acid-C'—This 
acid was partially degraded, and its radioactivity was determined 
according to the scheme shown in Fig. 2. It was thought suf- 
ficient to establish the origin of the two biosynthetically different 
ends by examination of the specific activity of selected carbons. 
The two carboxy] groups of the diaminopimelic acid moiety and 
C-6 were chosen for their accessibility. Selective blocking 
groups on the q- amino nitrogen atoms were utilized in conjunc- 
tion with the ninhydrin reaction to isolate C-1 and C-7 separately. 
C-6 was converted to a carboxy] group by neutral oxidation of 
N-suceinyl-Ldiaminopimelie acid with potassium permanganate. 
C-2 did not undergo a similar oxidation because of the protection 
afforded by the succinylated amino group on this carbon. After 
the oxidation, succinate was removed by hydrolysis, and the 
isolated a-aminoadipic acid was subjected to the Schmidt reac- 
tion, which selectively converts the 5-carboxy] group to CO: 

The results in Table I indicate that asymmetry exists in the 
succinyldiaminopimelic acid molecule when synthesized bio- 
logically from aspartate-C™, and that aspartate was incorporated 
in the succinylated portion of the molecule. The degree of 
asymmetry (C-1:C-7) is 3.0 and 5.7, respectively, for the two 
experiments. If it is assumed that the carbons from aspartate 
(C-1 to C-) are equally labeled, and that C-5 is similar to C-6, 
the results are internally consistent. 

Chemical Procedures 
Deacylation of N-Succinyl-1-diaminopimelic Acid Barium 
N.suceinyl-L-diaminopimelie acid-Cid, 10.2 mg, was combined 
with 30.8 mg of carrier lithium N-suceinyl- Ldiaminopimelie acid 
and refluxed for 6 hours in 3 * HCl. The reaction mixture was 
then extracted continuously with ether for 3 hours. The ether 
extract was used for the isolation of succinate as described below, 
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TaBLe I 
Results of degradation of N-succinyl-t-diaminopimelic acid-C™ synthesized by Escherichia coli in the presence 
of aspartic acid Ci 

Compound Degradation Carbons represented® Experiment 1 Experiment 22 
8 counts per minute per umole of carbon 
Barium N-succiny]-t-diaminopimelic acid. Combustion C-1 to C-1l 6.7 12.9 
Barium N-succinyl-L-diaminopimelic acid. ................. Ninhydrin C-7 3.6 3.0 
²̃ ⁰ Combustion C-8 to C-11 4.9 7.7 
) ͤ ²⅛ Hydrazoic acid C-8 and C-11 8.0 
Diaminopimelic acid Combustion C-1 to C-7 7.6 
Diaminopimelic acickkkkkk. Ninhydrin C-1 and C-7 7.6 
Mono-N-dinitropheny]-diaminopimelic acid................ Combustion C-1 to C-7 8.1 
Mono-N -dinitrophenyl-diaminopimelic acid................ Ninhydrin C-1 10.7 28.4 
D l“. Hydrazoic acid C-6 0.3 


* The numbering scheme is that used in Fig. 2. 
t Aspartic acid-C™, 1 mg, was added when growth ceased. 


t Aspartic aeid- Ci, 1 to 3 mg, was added when growth ceased. 


and L-diaminopimelic acid was crystallized from the residue as the 
g. naphthalenesulſonate ternary salt (13). Needle crystals were 
obtained (36.7 mg), containing the theoretical amount of di- 
aminopimelic acid. L-Diaminopimelic acid was then released 
from the ternary salt with an ion exchange resin (Duolite, A-7, 
DS 776). The salt was dissolved in 3 ml of H,O and passed 
through the column (0.82 x 2.5 em) which had been washed 
previously with H,O and HCl and converted to the carbonate 
form with 1 M Na, CO, LDiaminopimelie acid, 9.6 mg, was 
recovered, containing 7.6 c.p.m. per amole of carbon. 

Deacylation of Succinyl - Nr dinitrophenyl- i· diaminopimelic 
Acid — This acid, 44 wmoles, was refluxed in 1 ml of 6 * HCl for 
44 hours, at which time hydrolysis was 94% complete as judged 
by a-amino acid determination. The hydrolysate was con- 
tinuously extracted with ether for 4 hours, and the ether extract 
was used for isolation of succinate (see below). The residue was 
taken to dryness in a vacuum and recrystallized twice from hot 
water; 20 wmoles of orange-brown crystals were obtained of 
mono- M-dinitrophenyl-L-diaminopimelie acid. No further puri- 
fication could be obtained on a DEAE-cellulose column (Eastman 
Organic Chemicals Department). A positive ninhydrin test 
(color yield, 1; see (17)), an extinction coefficient at 360 my of 
15.3, and a melting point of 167-170° (uncorrected) were ob- 
tained. 

Permanganate Oxidation of - Succinyl- x- diaminopimelic Acid 
A solution containing 277 umoles of the diammonium salt of 
N-succinyl-t-diaminopimelic acid dissolved in 1.5 ml of water 
was maintained at 72°. To this solution 1.1 ml of 0.335 M 
KMnQ, were added dropwise over a period of 1 hour. After 
cooling, 1 mmole of acetic acid was added to expel CO, and then 
the coagulated MnO, was removed by centrifugation. The 
supernatant solution was passed through a bed of Dowex 50 (1 x 
4cm) in the H“ form to recover any unchanged N-succinyl- 
diaminopimelate. The column was eluted with 3 m ammonia, 
and the recovered N-succinyldiaminopimelate (71 umoles) was 
again subjected to KMnQ, oxidation as above. 

Isolation of a-Aminoadipic Acid The Dowex 50 effluents ob- 
tained from the two oxidations were placed on a column of 
Dowex 1 (2.5 & 9.5 em) in the Cl- form and eluted with in- 
creasing concentration of LiCl] (800 ml of H,O in the mixing 
chamber, 800 ml of 1 M LiCl in the reservoir). Fractions con- 


taining N-succinyl-a-aminoadipic acid were collected and 


passed through a Dowex 50 column (2.2 x 6 cm) in the H+ form 
in order to remove the Li“. The effluent solution was boiled 
under reflux overnight and then extracted exhaustively with 
ether to remove the liberated succinic acid. After concentration 
to dryness in a vacuum, the residue was taken up in 1 ml of 
H-: O and 0.04 ml of pyridine; 3 ml of ethanol were added, and the 
solution was placed in the refrigerator overnight. The crystals 
so obtained were removed by filtration. When examined by 
paper chromatography, the product was shown to be identical 
with authentic a-aminoadipic acid and to be free from other 
amino acids. Over-all yield was 10.7 mg (24%). 

Degradation of a-Aminoadipic Acid—Adamson (30) has 
studied the conversion of a-aminoadipic acid to ornithine via the 
Schmidt reaction. These conditions were modified somewhat in 
order to carry the reaction out on a small scale. 

a-Aminoadipic acid, 63 wmoles, was dissolved in 0.3 ml of 
concentrated H,SO, and 126 moles of NaN, were then added. 
The solution was kept at 60° for 30 minutes, then at 70° for an 
additional 30 minutes. A stream of N; was passed over the 
solution to entrain the CO, evolved. This gas stream was 
washed with KMnQ, solution and then passed through a solution 
of barium hydroxide to precipitate the CO, as BaCO;. Colori- 
metric analysis of the reaction mixture by the specific method of 
Vogel and Bonner (31) indicated that 36 umoles of ornithine had 
been formed. 

Isolation of Succinic leid The ether extracts from HCl hy- 
drolysates of succinylated derivatives (see above) were taken to 
dryness in a vacuum and then were taken up in a small amount of 
acetone, then, a small amount of charcoal was added. After 
filtration, succinic acid was precipitated by the addition of 
CCl, and recrystallized in the same system. Crystals melted 
at 192-193° (uncorrected). 

Degradation of Succinic Acid—Succinate-C™, 4.94 mg, was 
diluted with 33.65 mg of succinate-C". A portion of this mix- 
ture, 16.1 mg., was added to 0.3 ml of concentrated H,SO,, and 
13.6 mg of NaN; were added. After solution, the temperature 
was raised to 60-70° for 30 minutes. The CO, evolved was 
swept out with N., was washed with 5% KMnO, and was col- 
lected in barium hydroxide for plating and counting. — 

Synthesis of 
Acid Barium N-suceinyl-L-diaminopimelie acid-C™ 66.5 wmoles, 
was added to 133 ymoles of 2,4-dinitrofluorobenzene dissolved 
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in 1.2 ml of 95% ethanol, and 199 wzmoles of KHCO; in 0.6 ml of 
H:O were added. The reaction was allowed to proceed at 37° for 
5 hours in the dark, at which time it was found to have proceeded 
to 92% of completion as shown by determination of free amino 
groups by the ninhydrin test (17). Ethanol was removed by 
vacuum distillation, and the reaction mixture was extracted 
continuously to completion with ether. The residue was ad- 
justed to pH 2 with HCl and re-extracted to completion in the 
same manner. The second ether extract was taken to dryness 
in a vacuum and dissolved in a small volume of H,O. Efforts to 
crystallize the compound were unsuccessful. Further purifica- 
tion was accomplished with a DEAE-cellulose column in the 
following manner. DEAE-cellulose, 4 g, was stirred in 0.05 M 
NaCl and allowed to settle for several minutes. Material which 
did not settle was decanted, and the small particles were removed 
in this manner by repeating the procedure five times. The 
cellulose was then poured as a suspension into a column 1.5 cm 
in diameter. The column was washed with 0.05 m NaCl with 
very little positive pressure, until colored impurities were re- 
moved. The crude aqueous solution of N,-succinyl-N--dinitro- 
phenyl-L-diaminopimelie acid was freed of ether by aeration, 
brought to pH 8 with NH,OH; and allowed to run on the column 
at the rate of 12 ml per hour. A slow rate was essential to pre- 
vent spreading of the bands. Slow elution with 0.05 m NaCl 
(400 ml) removed three small, fast running bands which con- 
tained no radioactivity. The material in the main band was 
eluted with 0.1 a NaCl and was evaporated to 10 ml by vacuum 
distillation. The solution was acidified to pH 2 with 1 n HCI 
and was extracted three times with 100 ml portions of ether; 159 
mg of the reaction product were obtained, representing a 50% 
yield. 

Although crystallization could not be induced, analysis of 
nonradioactive material prepared in the same manner gave the 
following results after drying over P.O; at 100° in a vacuum. 


Calculated: C 44.80, H 4.38, N 12.3 
Found: C 44.93, H 4.90, N 12.4 


Molecular weight determination by titration curve with NaOH 
on a sample dried at room temperature over P.O; gave 472, if it 
was assumed that three carboxyls were neutralized (mol. wt. of 
C,7H»=O1,Ny-H.O = 474). Extinction coefficient at 362 my for 
the monohydrate was 14.5. ; 


DISCUSSION 


The 5-fold asymmetry of labeling from aspartic acid-C found 
in the isolated intermediate, N-succinyl-L-diaminopimelic acid, 
indicates that the portion of diaminopimelic acid which is 
derived from aspartic acid is succinylated. This result eliminates 
the possibility that the 3-carbon precursor of diaminopimelic acid 
is succinylated. In any scheme of diaminopimelic acid biosyn- 
thesis, this criterion must be satisfied. 

However, the evidence does not indicate whether succiny lation 


occurs before or after condensation of the 3 and 4 carbon unit. 


If condensation occurs before succinylation, certain symmetrical 
compounds can be eliminated for consideration as intermediates 
in the biosynthetic pathway because of the minimal randomiza- 
tion found in N-succiny]-L-diaminopimelic acid. For example, 
the symmetry of a, e-diketopimelate eliminates it as a precursor 
of diaminopimelic acid. This compound has been suggested as a 


precursor of dipicolinic acid (22), which in turn has been postu- 
lated to be derived from diaminopimelie acid in Bacillus mega. 
therium (23). More recent evidence also suggests a common 
pathway for the biosynthesis of diaminopimelic acid and dipico- 
linie acid because dipicolinie acid, like diaminopimelic acid, is 
derived from aspartyl and pyruvyl precursors (24). 

The asymmetry between the two ends of the molecule, as 
exemplified by C-7 and C-1, actually may be greater than that 
found and more correctly represented by C-6, because of the 
low level of radioactivity found in C-6 as compared to C-7 (Table 
I). The relatively large amount of radioactivity of C-7 as 
compared to C-6 (carbon 1 and 2 of pyruvate, respectively) 
could be explained in three ways: (a), by CO, fixation with 3 
carbon compounds and equilibration and randomization in the 4 
carbon compounds of the Krebs cycle; (6), by randomization 
caused by the degradation procedure itself, in which it was 
assumed that succinate acted as a complete blocking group in 
the ninhydrin decarboxylation reaction (Fig. 2); and (c), by the 
presence of small amounts of radioactive amino acids in the 
isolated succinyldiaminopimelic acid which might not be detected 
by the evidence supplied by subsequent derivatizations. ll 
these factors do not affect the main conclusion that asymmetry 
exists in the succinyldiaminopimelic molecule, but these factors 
merely decrease the degree obtained. 

Although aspartic acid was not found to be randomized in 
succinyldiaminopimelic acid, randomization would be expected 
in lysine because of the symmetrical intermediate, L-diamino- 
pimelic acid. Evidence for such randomization was found when 
the results of carboxyl-labeled acetate incorporation in lysine in 


E. coli are considered (25). Carboxyl-labeled acetate in E. coli 


was found to enter only the carboxy] carbons of aspartic acid (26), 
and, consequently, after randomization in L-diaminopimelic acid, 
the isolated lysine should contain twice as much Ci in C-4 as in 
C-1, a fact which is in agreement with the results obtained (25). 

The finding that radioactivity from aspartic acid is incorpo- 
rated into extracellular N-succinyl-L-diaminopimelic acid is not 
analogous to the findings of Meadow and Work (27). Witha 
different mutant of E. coli (I 26-26), which accumulates di- 
aminopimelic acid, these workers found that isotopically labeled 
aspartic acid was not incorporated into the excreted diamino- 
pimelie acid, but only into the intracellular diaminopimelic acid, 
whereas acetate was incorporated into both. Rather than in- 
voke two pathways of diaminopimelic acid biosynthesis to ex- 
plain this, as suggested by these investigators, our results and 
theirs may be reconciled if the concentration of radioactive pre- 
cursor present in the medium after growth and at the time aceu- 
mulation begins is taken into consideration. The slow rate of 
assimilation during growth of compounds such as acetate by F. 
coli (28) and their consequent accumulation in the medium would 
assure the presence of large amounts of these radioactive com- 
pounds at the time growth ceased and accumulation began. The 
rapid assimilation of aspartic acid when compared to these com- 
pounds would indicate that most of it would no longer be in the 
medium, but in the form of protein when growth ceased and gc. 
cumulation began. These difficulties were avoided in the pres 
ent experiment by adding tracer aspartic acid, only when acct- 
mulation had started (Fig. 2). 

A variant, D-1(a), of the parent mutant, D-1, has been 
described in this paper. D- (a) is “leaky” and can presumably 
synthesize minimal amounts of diaminopimelie acid and lysine, 
as it requires neither one of these for growth. That the amounts 
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gre minimal is shown by the low growth rate on minimal medium 
and by the stimulation of the growth rate by exogenous lysine. 
The altered response of the variant to metals could be explained 
either by postulating a limiting amount of the deacylase which 
metabolizes N-succiny]-L-diaminopimelic acid (29) ora change in 
the rate of the reaction resulting from an altered affinity of 
the enzyme for metals. 


Uniformly labeled aspartic acid-C™ was added to a culture of a 
diaminopimelie acid-requiring mutant (D-1 (a)) during the ac- 
cumulation of N-succinyl-t-diaminopimelic acid. The radio- 
active accumulation product was isolated and partially degraded. 
The asymmetrical distribution of the isotope indicated that the 
end of the molecule derived from aspartic acid had been suc- 
ciny lated. 

The structure and identity of possible intermediates in the 
biosynthesis of diaminopimelic acid are discussed in view of the 
distribution of isotope in N-suceinyl-L-diaminopimelie acid. 
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In the course of investigating the biosynthesis of the nucleo- 
side cordycepin (1), we examined the ethanol-soluble fraction 
extracted from the mycelia of this organism in the hope of find- 
ing a precursor involved in the synthesis. We obtained from an 
ion exchange column a large quantity of another nucleoside 
which had an absorption spectrum characteristic of adenosine, 
and which reacted with ninhydrin to give a blue color. The 
present investigation leads to the proposal of the structure indi- 
cated in Fig. 1 for this nucleoside. At the present time we are 
trying to isolate larger quantities of this compound so that ele- 
mentary analysis, infrared spectra, titration data, and stereo- 
chemical studies can be obtained to verify the structure we 
propose. In addition, we are trying to ascertain whether the 
compound is related to cordycepin biosynthesis. 

This compound was isolated from mycelia that had grown for 
30 days in static culture in media composed of 1% glucose and 
0.5% enzymatically prepared casein hydrolysate. Mycelia were 
blotted dry and homogenized with an equal volume of 70% 
ethanol in a Waring Blendor for a few minutes. The homoge- 
nate was then warmed to approximately 60° and centrifuged at 
23,000 x g for 15 minutes. The clear supernatant fluid was 
taken to dryness under a reduced pressure with a bath tempera- 
ture not exceeding 45°. The residue was dissolved in water, 
and the insoluble material remaining was removed by centrifu- 
gation. The supernatant solution, adjusted to pH 3.5, was 
passed through a Dowex 50-NH,* column which adsorbed the 
nucleoside as well as many other contaminating substances. 
The column was first washed with water and then with 0.1 N 
aqueous ammonia which removed most of the extraneous ma- 
terial and ultimately succeeded in eluting the nucleoside in a 
relatively pure form. The fractions containing this material 
were taken to dryness; the residue was dissolved in a small 
volume of water and treated with a few milligrams of Norit to 
remove a slight yellow color. Upon cooling, the nucleoside 
crystallized. The product after recrystallization from water 
was homogeneous on paper chromatography in several solvent 
systems, and in each case the ninhydrin-reactive material and 
the ultraviolet absorbing material were superimposable on the 
paper chromatogram. 

The absorption spectrum of this nucleoside both in acid and 
alkali is characteristic of an N-9-substituted adenine. The sub- 
stance does not react in the orcinol test for pentose (2) or the 
diphenylamine reaction (3) for deoxyribose, nor does it react on 
paper with periodate as applied by the method of Cifonelli and 

* This work was supported in part by grant CY-5221 from the 


United States Public Health Service, and institutional grant 
IN-40B from the American Cancer Society. 


Smith (4). The compound forms a dipicrate as determined by 
measuring the absorbancy of the crystallized derivative at both 
260 mu and 380 my. It reacts with diacetylmonoxime in the 
Archibald reaction (5) and with dimethylaminobenzaldehyde 
(6), reactions which are characteristic of the carbamyl grouping. 
It is not retained on anion exchange resins, nor is there any 
organically bound phosphorus or sulfur present. There is no 
significant production of carbon dioxide when the compound is 
treated with ninhydrin according to the procedure of Van Slyke 
et al. (7). When treated with dinitrofluorobenzene, and the 
product is hydrolyzed in 6 n HCl at 121° for 12 hours, a mono- 
substituted dinitrophenyl derivative of lysine was found, as 
determined by paper chromatography. No spot attributable 
to a bis(dinitropheny]) derivative was detected. 

Acid hydrolysis of the parent compound by heating it in the 


presence of 1.0 n HCl at 100° for 10 minutes results in the libera- | 


tion of adenine, which was characterized by paper chromatog. 
raphy in several solvent systems, as well as by its absorption 
spectra in acid and in alkali. The other major product liberated 
under these conditions reacts with ninhydrin and the carbamyl 
reagents, and in addition possesses a reducing group as evidenced 
by the reaction with aniline-phthalate spray on paper (8). This 
latter compound now consumes periodate. The ease of hy- 
drolysis of the adenine from this compound, as well as the liber- 
tion of a reducing group seems to indicate that the adenine 
bound in a typical N-glycosidic bond to a sugar. 

More drastic conditions of hydrolysis with 6 N HCl at 100° for 
1 hour liberated not only adenine, but also cleaved a sugar from 
the structures reactive to ninhydrin and to the earbamyl- group 
reagents. On paper chromatography this sugar traveled with 
3-amino-3-deoxyribose, the compounds giving similar colors with 
the aniline-phthalate spray reagent. Unlike 2-amino sugar, 
neither the unknown nor the authentic amino sugar reacted, 
under the conditions used, with ninhydrin. 

The other major product, which we called Compound G, stil 
reacted with ninhydrin and the carbamyl reactive reagents 
Preliminary evidence indicated that this compound was home 
citrulline; therefore we synthesized L-homocitrulline (9) chem 
cally and compared the Rp values of the synthetic product with 
those obtained as a result of acid hydrolysis of the parent com- 
pound. The results are given in Table I. Further heating 
Compound G at 121° in 6 v HCl for 12 hours resulted in a los 
of the reaction with the earbamyl reagents, but a retention d 
the reactivity with ninhydrin. The resulting compound m 
grated with the same R, as lysine in several solvent systems, 
and in addition supported the growth of Leuconostoc mesenltt 
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HOMOCITRULLYLAMINOADENOSINE 


Fic. 1. A new nucleoside isolated from Cordyceps militaris. | 


cides P-60 (ATCC 8042), an organism requiring L-lysine for 
growth (10). 

Cleavage of the parent compound can also be achieved by 
heating in 1.0 & methanolic sodium hydroxide for 17 hours. This 
results in the liberation of two major components, one of which 
exhibits the properties of a nucleoside, which we called Com- 
pound N, whereas the other reacts with ninhydrin and the car- 
bamyl reagents. The nucleoside produced by this cleavage 
reacts with 1 mole of periodate per mole of adenine, and pro- 
duces 1 mole of ammonia in the reaction. An authentic sample 
of 3’-amino-3’-deoxyadenosine kindly supplied to us by Dr. R. 
B. Baker of the Stanford Research Institute was found to mi- 
grate with the same R., on paper chromatograms (Table I) as 
Compound N, and in addition possessed the same melting point 
(261-262°) with no depression when the two samples were mixed. 
As the result of these observations, we concluded that Compound 
N was 3’-amino-3’-deoxyadenosine and part of the structure of 
the parent compound. 

The other major product obtained in the alkaline cleavage 
appeared to be identical to Compound G, obtained on acid 
hydrolysis. It reacted with ninhydrin and dimethylamino- 
benzaldehyde on paper, and exhibited Ry values identical to 
those reported in Table I. Accordingly we concluded that this 
compound was homocitrulline. 

Only two possible positions for linkage of the homocitrulline 
to the amino sugar need to be considered, namely the C-2 and 
the C-3 positions, since the parent compound is unreactive to 
periodate until the amino acid or adenine is released. 

Homocitrulline has three functional groups that might con- 
ceivably link to the sugar. The a-amino group may be elimi- 
nated from consideration since it is reactive to dinitrofluoroben- 
zne. If the carbamyl group participates, it does so without 
loss of its reactivity with carbamyl reagents. A 2-ureido sugar 
structure would surely hydrolyze to give lysine and a diamino 
sugar rather than the products obtained on acid or alkaline 
hydrolysis. The remaining possibility, the involvement of the 
carboxyl group, is supported by the observation that the parent 
compound does not liberate carbon dioxide when treated with 
ninhydrin. Of the two available positions for attachment to the 
sugar, the stability of the bond indicates it is at the 3’-amino 
group of the nucleoside. If the link were to the 2’-hydroxyl 
group in the form of an ester, the compound would be more acid- 


TaBLe I 
Rp values or relative migration rates of products obtained on cleavage 
of homocitrullylaminoadenosine 

Descending chromatography was used in each case. The sol- 
vents used are: /, methanol-water-pyridine (20:5:1, by volume); 
2, n-butanol-glacial acetic acid-water (3:1:1, by volume); 3, 
methanol-butanol-benzene-water (2:1:1:1, by volume); 4, 86% 
butanol-water (86:14, by volume); 5, isobutyric acid-ammonia; 
and 6, water adjusted to pH 10 with aqueous ammonia. The 
amino acids were located with both the ninhydrin spray and the 
p-dimethylaminobenzaldehyde reagent. The nucleosides were 
located with ultraviolet radiation lamp. 


Synthetic homo- — ¥- 

Solvent — Compound amino-’-de- | Compound 
1 36.57 36.5“ 
2 0.26 0.25 
3 0.53 0.53 
4 1.0˙ 1.0* 
5 0.83 0.82 
6 0.53 0.53 


* In these instances the solvent was allowed to run off the end 
of the paper. 
t The figures given are the distances in centimeters from the 


labile and also would have an additional free amino group. A 
tripicrate would be expected under these conditions rather than 
the dipicrate that was actually obtained. 

Although it is not indicated in Fig. 1, the amino acid portion 
of the molecule has the L configuration, since the lysine obtained 
on drastic acid hydrolysis supports the growth of an organism 
requiring L-lysine. We believe that the anomeric carbon atom 
has the 8 configuration, and in addition that the orientation of 
the hydroxyls and amino group of the sugar are comparable to 
those of p-ribose. The accumulation of larger amounts of this 
material will enable us to confirm these points further. In addi- 
tion to studying a possible involvement in cordycepin biosynthe- 
sis, we are studying the chemical composition of the cell walls of 
this organism to see if a constituent can be isolated that re- 
sembles homocitrullylaminoadenosine, either in whole or in part. 
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veral publications from this laboratory have dealt in a 
preliminary fashion with the preparation and properties of highly 
purified polynucleotide phosphorylase from Azotobacter vine- 
landii (2-4). A more detailed account of this work is presented 
in this paper. Although polynucleotide phosphorylase prepara- 
tions can catalyze the synthesis of a variety of homopolymers 
(polyadenylie acid, polyuridylic acid, ete.) and copolymers 
(of adenylic and uridylie acids, of adenylic, guanylic, uridylic, 
and cytidylic acids, etc.), the evidence so far available indicates 
that a single enzyme is involved. The best preparations repre- 
sent a 500-fold purification of the enzyme from the initial extracts 
and are largely, although not totally, devoid of nuclease activity. 
These preparations contain about 3% of a firmly attached, small 
polyribonucleotide. It has not been possible to remove this 
nucleotide without denaturing the enzyme, and it remains 
unsettled whether it is a prosthetic group or merely a tenacious 
contaminant. Although the oligonucleotide appears to act as a 
primer of polymer synthesis, the need for added oligonucleotide 
(5) or polynucleotide primers (2-4) can be shown readily under 
appropriate conditions. 


EXPERIMENTAL PROCEDURE 


Methods 


Synthesis of polynucleotides was followed by measuring the 
release of P; from nucleoside diphosphates. The final volume of 
the reaction mixture was usually 0.1 ml. At various times during 
the incubation, aliquots (0.01 to 0.02 ml) were withdrawn and 
added to enough cold 2.5% perchloric acid or 5% trichloroacetic 
acid to give a total volume of 0.5 or 1.0 ml. Precipitated protein 
or polymer was removed by centrifugation and an aliquot of the 
supernatant fluid was used for the determination of P;. This 
was carried out by the method of Lohmann and Jendrassik (6) 
adapted to small amounts with use of the Beckman spectro- 
photometer. Ribose and deoxyribose were determined by the 
orcinol and diphenylamine reactions, respectively, as described 
by Dische (7). Alkaline hydrolysis was carried out in 0.32 m 
KOH for 18 hours at 37°. The solution was neutralized with 
perchloric acid and the insoluble potassium perchlorate removed 
by centrifugation. Base analysis was done as in previous work 
(8) or according to Kleinschmidt and Manthey (9). 


* Aided by grants from the National Institute of Arthritis and 
Metabolic Diseases (Grant A-1845) of the United States Public 
Health Service, and the Rockefeller Foundation. Preceding 
paper of this series (1). 

t Present address, 1-65 Aiodori Abenoku, Osaka, Japan. 


Preparations 

Nucleoside diphosphates were either obtained commercially 
(Sigma Chemical Company, Pabst Laboratories) or prepared 
synthetically (10, 11) and isolated and used as the lithium salts. 
We are indebted to Dr. R. W. Chambers for samples of synthetic 
ADP, GDP, UDP, and CDP. These were used for the experi- 
ments of Tables II and ITI and Figs. 4 and 6. P*-labeled phos- 
phate was obtained from the Oak Ridge National Laboratory on 
allocation from the Atomic Energy Commission. Polymers were 
prepared and isolated as previously described (12) in most 
cases with enzyme at step 4 of purification. Poly AGUC' was 
made from equimolar amounts of ADP, GDP, UDP, and CDP. 
Triadenylie acid was a gift of Dr. L. A. Heppel, National In- 
stitutes of Health. Whole cell Azotobacter RNA and DNA, and 
rat liver RNA were gifts of Dr. R. M. S. Smellie. Yeast RNA 
and salmon sperm DNA were commercial preparations. 
Crystalline pyruvic kinase and lactic dehydrogenase and phos- 
phoenolpyruvate (silver-barium salt) were purchased from C. F. 
Boehringer and Sons, Mannheim, Germany, DPNH from Sigma 
or Boehringer and Sons. Crystalline egg albumin and protamine 
sulfate were gifts of Dr. R. C. Warner and the Lilly Research 
Laboratories, Indianapolis, respectively. Calcium phosphate 
gel was purchased from the Sigma Chemical Company and 
processed as follows before use. Gel (1 kg of lot No. 47-240 and 
3 kg of lot No. 57-240), was diluted to 12 liters with deionized 
water. The suspension was adjusted to pH 5.8 by addition of 
4.5 ml of glacial acetic acid, with mechanical stirring, and the 
gel was allowed to settle. After decantation of the water, the 
residue was washed six times with each 12 liters of water and 
finally suspended in 4 liters of water to give 130 mg of Ca;(PO,)2 
per ml. The suspension was kept in the refrigerator. 


Isolation of Enzyme 


Assay—Two methods, based on Reaction 1, were used for the 
assay of polynucleotide phosphorylase. In one, the rate of 
exchange of P;* with ADP? was measured as in previous work 
(12); 


1 The abbreviations used are: poly A, poly G, poly U, and poly 
C, polyadenylic, polyguanylic, polyuridylic, and polyeytidylie 
acid, respectively; poly AU and poly AGUC, the copolymers of 
adenylie and uridylie acid and those of adenylic, guanylic, uri - 
dylie, and eytidylie acid. 

2 The exchange may represent the reversible formation of an 
AMP-enzyme complex thus, ADP + enzyme = AMP-enzyme + 
P;, since there are indications (13) that it may occur in the ab- 
sence of the over-all Reaction 1. Singer et al. (13) give the fol- 
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Fic. 1. Optical assay of polynucleotide phosphorylase. Ac- 
tivity as a function of pH (A) and enzyme concentration at pH 
7.4 (B); temperature, 30°; final volume, 0.4 ml; enzyme of specific 
activity (optical) 140. In Experiment A, each sample had 0.9 
ug of enzyme protein. pH values up to 7.5 were obtained with the 
appropriate phosphate and glycylglycine buffers at the concen- 
trations used in the standard assay; values above pH 7.5 were 
obtained by substitution of Tris-HCl buffer of the desired pH 
(final concentration, 0.1 m) for the glycylglycine buffer of the 
standard assay. For other details, see text. 


n ADP = poly A+ nP; (1) 


in the other, the rate of formation of ADP by phosphorolysis of 
poly A was determined spectrophotometrically in a multi- 
enzyme system. 

P. Exchange Assay—This was carried out as previously 
described (12) with some modifications. The samples contained: 
K:HPQ,, 3.5 umoles; ADP, 2.5 umoles; enzyme (not over 0.35 
unit), and 0.3 ml of a mixture of Tris-HCl buffer, pH 8.1, 100 
umoles; MgCl, 5 wmoles; EDTA, 2 wmoles; and KH: PO, with 
100,000 to 200,000 c.p.m. The final volume was made up to 1.0 
ml with water. Enzyme dilutions were made in 0.1 m Tris-HCl 
buffer, pH 7.4. A blank without either ADP or enzyme was 
always run with assay samples. Commercial samples of ADP 
were routinely used for the assay. However, since different 
batches of ADP frequently gave somewhat different rates of 
exchange, probably due to variations in their degree of purity, 
each batch was previously standardized against a sample of 
synthetic ADP (10). After incubation for 15 minutes at 30° 
the amount of exchange taking place was determined from the 
amount of organically bound radioactive phosphate. This is 
given by the radioactivity remaining in the protein-free filtrate 
after quantitative removal of the inorganic phosphate through 
conversion to ammonium phosphomolybdate and extraction with 
isobutanol. The procedure was as described in the preceding 
paper of this series (1). One unit was defined as the amount of 
enzyme catalyzing the exchange of 1.0 umole of P., calculated 
as in previous work (12), in 15 minutes at 30° and pH 8.1. Under 
the conditions of the assay, with 150,000 c. p.m. of P., 0.35 
unit of enzyme brings about the incorporation of about 8,500 
c. p. m. P. into ADP in 15 minutes. The rate of exchange is 
proportional to the concentration of enzyme between the limits 
of 1,000 and 10,000 c.p.m. 


lowing general formulation for the exchange reaction: Nucleo- 
side—P—P + P. = nucleoside—P—P* + Pi. However, in 
more recent, unpublished experiments, Dr. Singer (personal com- 
munication) has obtained evidence suggesting that the Px ex- 
change is due to the occurrence of a net reaction and can, there- 
fore, be the result of Reaction 1. 
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Optical Assay—In this assay, the rate of production of ADP 
by phosphorolysis of poly A was measured through coupling with 
the reactions catalyzed by pyruvic kinase and lactic dehydro- 
genase. In the presence of an excess of these enzymes, phos- 
phoenolpyruvate and DPNH, ADP reacts with phosphoenol- 
pyruvate to give ATP and pyruvate, and the latter reacts 
with DPNH to give lactate and DPN*. The rate of oxidation of 
DPNH is proportional to the rate of formation of ADP. The 
reaction, which had a fairly sharp optimum around pH 7.4 
(Fig. 14), was followed as the decrease in absorbancy at 340 my 
and was carried out in Corex or silica cells (b = 1.0 cm) in the 
Beckman spectrophotometer. The cell compartment was fitted 
with a jacket, through which was circulated water at a tempera- 
ture of 30°. The reaction mixtures contained the following com- 
ponents in micromoles per ml: potassium phosphate, pH 7.4, 10; 
glycylglycine buffer, pH 7.4, 5; MgCl, 5; EDTA, 1; crystalline 
egg albumin, 2 mg; phosphoenolpyruvate, 1.6; excess of crystal- 
line pyruvic kinase and lactic dehydrogenase (each in amount 
sufficient to give a rate of DPNH oxidation of 0.3 umole per ml 
per minute at 30°, under the conditions of their respective op- 
tical assays (14, 15)); DPNH,’ about 0.13 (initial absorbancy 
at 340 my, about 0.8); poly A (aqueous solution), 0.06 mg (0.18 
umole as adenylic acid); and enzyme. Enzyme dilutions were 
freshly made in 0.5% crystalline egg albumin. The final volume 
was usually 1.0 ml and occasionally 0.4 ml. Suitable micro- 
cells were used in the latter case. The reference cell contained 
water. In practice, it was found to be convenient to use 0.75 
ml per ml of a mixture containing the indicated amounts of phos- 
phate, glycylglycine, MgCl., EDTA, crystalline egg albumin, 
phosphoenolpyruvate, and lactic dehydrogenase. This mixture 
was kept frozen and was thawed just before use. It often de- 
veloped some turbidity on thawing which was removed by cen- 
trifugation at 0°. Pyruvic kinase, DPNH, and either poly A 
or enzyme were then added, and the mixture was equilibrated 
in a bath at 30° for 1 to 2 minutes after which the absorbancy 
at 340 mu was determined. If this remained constant and no 
turbidity developed, the final addition (poly A or enzyme) was 
made, and readings were taken at 30-second intervals for 3 to 
5 minutes during which time the oxidation of DPNH proceeded 
at an approximately constant rate. This was proportional to 
the concentration of enzyme up to about 0.3 unit per ml (Fig. 
1B). One mole of ADP is produced per mole of DPNH oxi- 
dized and, for correlation with the exchange assay unit, one opti- 
cal unit was taken as the amount of enzyme catalyzing the for- 
mation of one umole of ADP in 15 minutes at 30° and pH 7.4. 
As determined experimentally 1 optical unit is equivalent to ap- 
proximately 1.2 P. exchange units. Specific activity is ex- 
pressed as units per mg of protein. 

Through stage 4 of purification (Table I) protein was deter- 
mined by the biuret method (16) or by the method of Lowry et 
al. (17) because of the high nucleic acid content of the enzyme 
fractions. Thereafter, it was determined spectrophotometrically 
(18) with use of the table given by Layne (19) to correct for the 
nucleic acid content. For correspondence of the values obtained 
by the colorimetric and spectrophotometric methods, the protein 
concentration of crystalline egg albumin solutions used 18 
standard for the former was determined spectrophotometrically. 

Because of the development of turbidity and the catalysis of 


Fresh DPNH solutions were prepared every few days, ad- 
justed to pH 10 with sodium hydroxide, and kept frozen when 
not in use. 
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DPNH oxidation with erude enzyme solutions, the optical 
assay could only be used after stage 4 of purification (Table I). 
The assay results have been calculated throughout in terms of 
optical units. 

puri ſcuti 

Growth of Cells—Azotobacter vinelandii (strain O)“ was carried 
on agar slants with frequent transfers (approximately once a 
month). Inoculations were made into 150 ml portions of 
Burk’s medium (20) in 1-liter conical flasks and the cells were 
grown at 32° for 18 to 20 hours on a rotary shaker (New 
Brunswick Scientific Company, model V855370) set at maximal 
speed. The absorbancy of the cell suspension at 500 mu should 
not be lower than 2.5. Fresh 150 ml portions of medium were 
inoculated with 5 ml of the culture thus obtained, the cells were 
grown as above, and the new culture was used to inoculate fresh 
medium again. This operation was repeated several times. 
Approximately 1 liter of this culture was used to inoculate 180 
liters of medium in a vat fermenter. Cells were grown at 28° 
with vigorous agitation for 18 to 20 hours and harvested, at 
about 0°, with an industrial type refrigerated Sharples centrifuge 
within 1 hour. The yield of wet cells was about 1.5 kg. After 
harvesting, the cells were frozen until used. Under these 
conditions, polynucleotide phosphorylase activity remained un- 
changed on storage for several months. 

Step 1. Extraction—This was carried out in the cold room (4°) 
in a stainless steel Waring Blendor essentially as described by La 
Manna and Mallette (21) for the preparation of Escherichia coli 
extracts. Frozen cells, 1 kg, were mixed in a 1-gallon blendor 
with 450 to 500 ml of ice-cold 0.01 u potassium phosphate buffer, 
pH 7.4, and 3 kg of glass beads,“ and extracted by first slow 
stirring for a few minutes until a thick slurry was produced, then 
for 15 minutes at about two-thirds maximal speed. Two liters 
of buffer were then added, and stirring was continued for 10 more 
minutes as before. After the beads had settled, the extract was 
poured off. The residue was re-extracted in the same way with 
2 liters of buffer for 1 minute. The combined supernatants 
yielded approximately 4.5 liters of greenish brown, turbid extract 
with about 20 mg of protein per ml. The enzyme is somewhat 
unstable at this stage, and the next step was therefore started at 
once. 

Step 2. Ammonium Sulfate Fructionation— After cooling to 0°, 
the extract (4.6 liters) was diluted with ice-cold 0.01 M potassium 
phosphate buffer, pH 7.4, to a protein concentration of 10 mg per 
ml with addition of enough 0.5 m EDTA to give a final concen- 
tration of 0.001 m; volume, 10 liters. To the diluted extract 
were added 2320 g of solid, finely powdered ammonium sulfate 
(to give approximately 0.33 saturation) over a period of about 
60 minutes with mechanical stirring, the temperature being 
maintained at 0° and the pH kept at 7.4 (glass electrode) by 
occasional dropwise addition of from 50 to 60 ml of 6.0 Nn potas- 
sium hydroxide. Stirring was continued for another hour and, 
after adjustment of the pH to 7.4 if necessary, the mixture was 
allowed to stand at 0° overnight. The precipitate, containing 
over 60% of the protein and 30 to 40% of the units (specific 


‘Obtained from the American Type Culture Collection, Wash- 
ington, D.C. Listed as No. 9104 in the 6th (1958) Edition of the 
ATCC catalogue. 

*Superbrite No. 100 (average diameter 200 ) obtained from 
the Minnesota Mining and Manufacturing Company, St. Paul, 

a. 
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Taste I 
Purification of polynucleotide phosphorylase of A. vinelandii 
Cells, 1 kg. 


Step | unites | Pro- | Specific | | vield 
ml % 
. 4,600 101, 101.4 1 . 100 
2. (NH.) S0. fraetiona- 
V 58, 31.1 2 58 
3. Ethanol fractionation . . 42,287 5.4 8 42 
4. Ca: (PO): gel eluate...| 115 17, 0.4 45 18 
me 
4. Ca: (PO): gel eluate 41 6, 142 45 100 
5. Protamine and (NH,):- 
SO, fractionation. ... 4,275, 19 226 91 68 
6. Hydroxylapatite 
chromatography . .... 2,8 8 350 45 
6b. Chromatography re- 
2, 5 495 38 


Pi exchange assay used through Step 4; optical assay used 
thereafter. Specific activity expressed in terms of optical assay 
throughout (1.0 unit = 1.2 P. exchange units). 

t Ratio of light absorption at 280 my to 260 mu. 


activity, 0.6 to 0.7) was removed by centrifugation for 1 hour at 
0° and maximal speed of the large rotors of the refrigerated 
Servall or Lourdes angle centrifuge and discarded. Solid am- 
monium sulfate, 910 g, was added as above to the ice-cold 
supernatant fluid (to give approximately 0.46 saturation) over a 
period of 30 minutes, maintaining the temperature at 0°, and 
the pH at 7.4. This required about 12 ml of 6.0 &N potassium 
hydroxide. After the mixture was stirred for a further 60 
minutes, it was centrifuged as before, and the supernatant fluid 
was discarded. The precipitate was dissolved in 170 ml of ice- 
cold 0.01 M potassium phosphate buffer, pH 7.4, and dialyzed at 
0° with stirring overnight against 6 liters of 0.033 M succinate 
buffer, pH 6.3, containing 0.5 x 10-* M cysteine. The clear, 
reddish brown dialyzed solution (470 ml) contained 66 mg of 
protein per ml. Usually, several batches of cells were worked 
up through Step 2, and the dialyzed solutions were stored in the 
frozen state (—18°) before proceeding to the next step. How- 
ever, storage for periods longer than 3 months should be avoided. 
It was found that after storage for about a year, the enzyme 
retained its original activity but could no longer be successfully 
fractionated with ethanol. 

Step 3. Low Temperature Ethanol-Zine Acetate Fractionation— 
The solution from the previous step was diluted with 0.033 u 
succinate buffer, pH 6.3, containing 0.5 x 10 M cysteine, to a 
protein concentration of 10 mg per ml and the diluted solution 
(3.1 liters) cooled to 0°. To this solution were added, in small 
alternating fractions, 570 ml of absolute ethanol (chilled to — 15°) 
and 156 ml of 0.1 u zinc acetate (cooled to 0°) with vigorous 
mechanical stirring over a period of 40 minutes, the temperature 
being gradually lowered to —6°. The concentration of ethanol 
was approximately 15% by volume and that of zinc acetate 
0.004 u. After being stirred for a further 30 minutes, the mix- 
ture was centrifuged for 2 hours at —10° and maximal speed of 
the large rotors of the refrigerated Servall or Lourdes angle 
centrifuge. The precipitate, containing 60 to 80% of the protein 
and 30 to 40% of the units (specific activity about 0.5) of the 
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ammonium sulfate fraction, was discarded. To the supernatant 
fluid were added, as above, 420 ml of ethanol and 520 ml of 
0.1 M zinc acetate over a period of 30 to 45 minutes, the tempera- 
ture being lowered gradually to —8°. The concentration of 
ethanol was approximately 20% by volume, and that of zinc 
acetate was 0.014 m. The mixture was stirred for a further 30 
minutes and centrifuged for 2 hours at — 15° as before; the clear, 
pale pink supernatant was discarded. The precipitate was im- 
mediately dissolved in about 160 ml of ice-cold 0.1 M potassium 
phosphate buffer, pH 7.4, containing 0.01 m cysteine and 0.03 m 
EDTA and dialyzed with stirring at once against 6 liters of 0.01 
M potassium phosphate buffer, pH 7.4, containing 0.001 u 
EDTA, at 0° overnight. The clear, reddish brown dialyzed solu- 
tion (235 ml), containing 23 mg of protein per ml, could be 
stored in the frozen state with little loss of activity. 

Step 4. Adsorption and Elution from Calcium Phosphate Gel— 
The solution from the previous step (235 ml) was brought to 540 
ml with 0.01 M potassium phosphate buffer, pH 7.4, giving a 
protein concentration of 10 mg per ml, cooled to 0°, and brought 
to pH 5.4 (glass electrode) by the dropwise addition of 1.0 N 
acetic acid (about 6 ml) with mechanical stirring. Calcium 
phosphate gel (130 mg of Cas (PO): per ml), 25 ml, was then 
added; after the gel was stirred for 15 minutes, it was centrifuged 
off at 0° and discarded. To the supernatant (pH 5.6) were added 
50 ml of the calcium phosphate gel, and the gel was discarded 
after stirring and centrifugation as above. The supernatant 
(pH 5.7) was brought to pH 5.5, with about 0.4 ml of 1.0 & acetic 
acid, and a further 50 ml of gel were added. After stirring for 15 
minutes, the gel was collected by centrifugation, and the superna- 
tant was discarded. This gel was eluted four times at 0°, each 
with 30 ml of 0.1 M potassium phosphate buffer, pH 6.0, and the 
eluates were combined to give a clear, pale yellow solution with 
3.0 to 3.5 mg of protein per ml. It was dialyzed overnight at 0° 
against 3 liters of 0.02 m potassium phosphate buffer, pH 6.8, 
containing 0.001 m EDTA. The dialyzed eluate (115 ml) could 
be stored in the frozen state for periods up to 2 or 3 months with 
little loss of activity. 

Step 5. Protamine and Ammonium Sulfate Fractionation—A 
freshly prepared 2% solution of protamine sulfate was added 
dropwise to 41 ml of the dialyzed eluate at 0° with mechanical 
stirring. Just enough protamine sulfate solution, in this case 
2.5 ml, was used to precipitate most of the enzyme as ascertained 
by optical assay of the supernatant. After stirring for a further 
20 minutes, the bulky precipitate was collected by centrifugation 
at 0° and 15,000 x g, and the faintly yellow supernatant, contain- 
ing 4% of the units and about half of the protein of the eluate, 
was discarded. The yellow precipitate, which became gummy on 
centrifugation, was washed with 20 ml of 0.02 m phosphate buffer, 
pH 6.8, containing 0.001 M EDTA, and dissolved in 6.5 ml of a 
solution containing 0.1 u glycine and 20% saturated ammonium 
sulfate, the pH of which had been adjusted to 6.3 with potassium 
hydroxide. A small amount of insoluble residue was removed by 
centrifugation. To the clear yellow supernatant (7.4 ml), cooled 
to 0°, were added 3.0 ml of saturated ammonium sulfate with 
magnetic stirring, bringing the ammonium sulfate concentration 


As followed by optical assay, which at this stage could be 
used as a rough guide of the adsorption of the enzyme, only the 
third addition of gel removed most of the enzyme from the super- 
natant. Since different batches of gel often give different re- 
sults, the supernatant should always be assayed after each addi- 


tion of gel. 
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to approximately 0.43 saturation. After being stirred for 10 
minutes, the precipitate, which had little activity, was removed 
by centrifugation for 15 minutes at 0° and 15,000 x g and dis- 
carded. A further 2.0 ml of saturated ammonium sulfate were 
now added to the supernatant as above, bringing the ammonium 
sulfate concentration to approximately 0.52 saturation. The 
precipitate was collected by centrifugation, washed twice with 
each 5 ml of 60% saturated ammonium sulfate containing 0.001 
mu EDTA, and dissolved in 1.5 ml of 0.02 m phosphate buffer, pH 
6.8, containing 0.001 M EDTA. A light precipitate formed 
whenever the dark yellow solution was brought to 0°. From 
previous trials, this precipitate was known to carry down much 
of the enzyme as the activity of the supernatant diminished 
considerably, and enzyme could be recovered from the precipitate 
by extraction with the 0.1 M glycine-20% saturated ammonium 
sulfate solution. Since it was found that the material responsible 
for precipitate formation could be removed with charcoal, a 
pinch of acid-washed Norit A was added to the solution of the 
ammonium sulfate precipitate at about 10°, at which temperature 
the solution was quite clear. Addition of too much Norit leads 
to substantial losses of enzyme and should be avoided. Afters 
few minutes of stirring, the Norit was removed by centrifugation 
at 0° and washed with 0.5 ml of the 0.02 Mu phosphate-0.001 x 
EDTA buffer, pH 6.8. The combined supernatants were di- 
alyzed overnight at 0° against the same buffer, yielding 2.0 ml of 
dark yellow solution containing 9.5 mg of protein per ml. 
Step 6. Chromatography on Hydroxylapatite—Hydroxylapatite, 
prepared by the method of Tiselius et al. (22), was packed by 
gravity into a I- X 40-cm column and washed overnight in the 
cold room (3-4°) with 0.02 u phosphate buffer, pH 6.8, con- 
taining 0.001 m EDTA. The flow rate was adjusted to roughly 
20 ml per hour by applying slight pressure (20 to 50 mm Hg). 
The enzyme solution from the previous step was passed 
through the column whereby all the protein was retained by the 
gel. Elution was carried out stepwise with each 30 ml of 0.02, 
0.04, and 0.06 M and each 60 ml of 0.11 and 0.2 M sodium phos 
phate buffer, pH 6.8, containing 0.001 M EDTA. The volume of 
the individual fractions collected in a fraction collector at 10 
minute intervals in the cold room varied between 2.5 and 3.5 ml 
The elution of protein was followed spectrophotometrically br 
determining the absorption of light at 280 my and that of 
enzyme by optical assay. As shown in Fig. 2, small amounts of 
inactive protein were released by phosphate buffer up to 0.06 1 
and the first half of the 0.11 m buffer. The enzyme was eluted 
as a sharp band with 0.11 m buffer; these eluates were colorles. 
A nonfluorescent yellow protein, responsible for the color of the 
protamine fraction, was eluted with 0.2 m buffer. Fractions with 
specific activities of 300 or higher were combined to give 20 al 
of solution with 0.4 mg of protein per ml. This solution was 
dialyzed overnight at 0° against 3 liters of 0.5 X 10 m EDTA, 
adjusted to pH 7.4, and concentrated by lyophilization to about 


1.0 ml. The concentrated enzyme was dialyzed for 5 hours u 


0° against 1 liter of 0.02 m sodium phosphate buffer, pH 64, 
containing 0.001 m EDTA. 

The dialyzed enzyme was rechromatographed as above 
Fractions of specific activity above 400 were combined (9.5 ml, 
and the enzyme was precipitated at 0° by addition of 3.2 6 Uf 
solid ammonium sulfate. The precipitate was washed with ö f 
of 50% saturated ammonium sulfate containing 0.001 M EDTA 
dissolved in 1.5 ml of 0.01 u glycylglycine buffer, pH 6.8, o 
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Fic. 2. Chromatography of polynucleotide phosphorylase on hydroxylapatite column (Step 6). Each fraction represents 3 to 


4 ml of effluent. 


taining 0.001 m EDTA, and dialyzed at 0° against 1 liter of the 
same buffer overnight. Two ml of enzyme solution containing 
5 mg of protein were obtained. This solution was stored at —20°. 
The enzyme is relatively stable under these conditions. A 
summary of the purification procedure is given in Table I. 

The above procedure was carried out several times with similar 
results during 1958 and 1959, and a total of 10 kg of cells was 
worked up in this manner. More recently, the reproducibility 
of Steps 3 and 4, as regards both purification and yield, has been 
poor. The following average specific activities and percentages 
of over-all yields (given in parentheses) were obtained in several 
small scale runs between June and December, 1960; Step 2, 2.0 
(60%); Step 3, 4.5 (25%) ; Step 4, 17.0 (5%); Step 5, 65.0 (2.5%). 
These values are to be compared with the corresponding values 
in Table I. The cells were grown from agar slants that had been 
kept in the laboratory with occasional transfers for over a year, 
and bacterial variation may have occurred. It should be pointed 
out that, in any case, polynucleotide phosphorylase preparations — 
of specific activity 40 to 60 are quite suitable for the preparation 
of polyribonucleotides. 

Evidence for Single Enzyme Although preparations of <A zoto- 
bacter polynucleotide phosphorylase react with individual 
nucleoside 5’-diphosphates to give the corresponding homopoly- 
mers or with mixtures of nucleoside diphosphates to form dif- 


ſerent copolymers, a single enzyme appears to be involved. This 


is indicated by the fact that when preparations at different 
stages of purification are assayed by Pi exchange with individual 
nucleoside diphosphates, the degree of purification at each step 
is approximately the same for five different substrates, namely 
ADP, GDP, UDP, CDP, and IDP. Earlier results of such a 
study for purification Steps 1 through 4 have been presented 
(3). The results for Steps 4 and 6b are presented below. 

The rate of the Pin exchange reaction with different nucleoside 
diphosphates is affected to a varying extent by such factors as 
the concentration of P. and magnesium ions and, as previously 


II 

Optimal conditions for Pu erchange assay with different nuceloside 
di phosphates 

Each sample contained, in a final volume of 0.05 ml, 0.1 M Tris- 
HCl buffer, pH 8.1, 1 X 10°? u EDTA, K. HPO. (with about 
150,000 e. p. m. of Pi.) and MgCl: as indicated, 2 X 10] M nucleoside 
diphosphate, and enzyme (Step 4, Table I) with 0.5 yg of protein. 
A blank without enzyme or nucleoside diphosphate was included 
in each run. After incubation for 15 minutes at 30°, 1.0 ml of 
0.025 N perchloric acid, and 0.03 ml of a 2.5% suspension of Norit 
A were added, and the mixture was allowed to stand in ice for 
about 1 hour with occasional shaking. The charcoal was then 
collected by filtration with suction on a filter paper disk, washed 
with hot perchloric acid and acetone, and its radioactivity was 
determined. The more favorable conditions for exchange are 

those yielding the figures in bold face. 


Additions Specific activity“ 
Pj Mg** ADP GDP UDP CDP IDP 
X 108 u 
2 4 35 80 29 58 
4 4 44 63 62 
4 8 58 10 19 3 
4 16 57 49 2 6 2 


»Mieromoles of Pu incorporated per 15 minutes per mg of 
protein at 30°. 


pointed out (12), by the ratio of the concentration of nucleoside 
diphosphates to that of Pl. We have, therefore, determined the 
optimal P. and magnesium ion concentrations for the P. 
exchange assay with each of the substrates ADP, GDP, UDP, 
CDP, and IDP with the results shown in Table II. The assays 
were carried out as described in the legend to the table, the 
incorporation of P;* into nucleoside diphosphates being measured 
after their adsorption on charcoal (23). With 2 x 10° òN 
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TABLE III 
Activity of Azotobacter polynucleotide phosphorylase 
fractions with different nucleoside diphosphates 

Assay conditions as in Table II with (A) enzyme at Step 4 
(0.4 wg of protein) and (B) enzyme at Step 6b of purification 
(0.094 ug of protein). The respective concentrations of Pi and 
Mg“ (u X 10*) were 2 and 4 for UDP, 4 and 4 for CDP and IDP, 
and 4 and 16 for ADP and GDP. 


Specific activity 
Nucleoside diphosphate 
A. Step 4 B. Step 6b N 
enzyme enzyme 
50 528 10.6 
c 45 450 10.0 
77 690 9.0 
o 48 425 8.8 
60 515 8.6 
1.4 
protein, O. 708 mg. / ml. 
122 — (pH, 7.0) 280/260 = 0.93 
1.0 — 
> 
2 
x 0.86 — 
x 
8 0.6 — Protein minus nucleotide 
— (difference) 280/2601. 22 
0.4 — 
Nucleotide 
0.2 — 280/260 = 0.62 
| | —— 


— 
200 240 280 320 360 400 


WAVELENGTH (mp) 


Fic. 3. Ultraviolet absorption spectrum of polynucleotide 
phosphorylase (Step 6b) and the nucleotide therefrom. 


nucleoside diphosphate, maximal exchange rates were obtained 
for UDP with 2 x 10-* Mu P. and 4 X 10-* ⁰ u Mg“, for both 
CDP and IDP, with P; and Mgtt each at 4 x 10-* M, and for 
both ADP and GDP with 4 x 10-* Pi and 1.6 x 10-* M Mg. 
(Table II). A comparison of the polynucleotide phosphorylase 
specific activity with all of the five nucleoside diphosphates at 
Steps 4 and 6b of purification, under the exchange assay condi- 
tions of Table II, is given in Table III. It may be seen that the 
degree of purification between the two steps was about the same 
for each of them. 


Properties of Enzyme 
Preparations of specific activity 400 to 500 appeared to be 
essentially devoid of nuclease activity. However, when assayed 
viscosimetrically in cacodylate buffer, pH 7.0, with poly U as 
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substrate in the absence of Pi and Mg, 7 ug of enzyme brought 
about decrease in viscosity at about the same rate as 0.01 ug of 
crystalline pancreatic ribonuclease.” 

Under the conditions of the standard optical assay, the turn- 
over number of the enzyme at Step 6b of purification for phos- 
phorolysis of poly A is about 3000 moles per minute per 105g 
of protein. The value is a little higher, namely 4500 to 5000, 
for the synthesis of poly A from 0.02 m ADP in Tris buffer, 
pH 8.0, at 30° under optimal conditions. Polymer synthesis 
from GDP is much slower than from the other nucleoside di- 
phosphates; moreover, GDP markedly hinders the synthesis of 
copolymeric polynucleotides when present along with other 
diphosphates (12). To obtain similar rates, 20 to 30 times more 
enzyme must be used for synthesis of poly AGUC from equimolar 
concentrations of ADP, GDP, CDP, and UDP (each 0.005 1 
than for poly A synthesis. The turnover number in this case 
is only in the neighborhood of 200. 

As noted in Table I, the best preparations of Azotobacter poly- 
nucleotide phosphorylase have a ratio of light absorption at 280 
my to that at 260 my (280: 260 my ratio) in the neighborhood of 
0.9 to 1.0, indicating the presence of 3 to 4% nucleotide material. 


This material is not removed by activated charcoal, Dowex l 


resin, DEAE-cellulose chromatography, or by incubation with 
ribonuclease followed by dialysis. Denaturation of the protein 
by precipitation with perchloric acid or treatment with phenol 
releases the nucleotide into the supernatant fluid or the aqueous 
layer. As described below, this material has proved to be a small 
polyribonucleotide. The ultraviolet absorption spectrum of the 
enzyme and the nucleotide therefrom, as well as the difference 
spectrum for the enzyme minus the nucleotide, are shown in 
Fig. 3. 

Polynucleotide from Enæyme A solution of enzyme at purif- 
cation Step 6b containing 53.7 mg of protein in 3.4 ml of 0.02 M 
phosphate buffer, pH 6.8, was extracted twice with an equal 
volume of 85% redistilled phenol. The aqueous layer was col- 
lected, residual phenol being removed by extraction with ether 
and residual ether by aeration. This yielded 2.3 ml of solution; 
A at 260 my and pH 7.0 (b = 1 cm), 9.9 before and 12. 
after alkaline hydrolysis; 280: 260 my ratio, 0.54. Taking ay as 
10‘, from the absorbancy after alkaline hydrolysis the solution 
contained around 1.2 umoles of nucleotide per ml or a total of 28 


umoles. This would amount roughly to 0.9 mg or 1.7% of the 
enzyme protein. 

By colorimetric assay, the material was found to contain 
ribose but not deoxyribose. Alkaline hydrolysis yielded AMP, 
GMP, UMP, and CMP. The compound was cleaved by pan- 
creatic ribonuclease and by polynucleotide phosphorylase. All 
these observations indicate that it is a polyribonucleotide. Base 
analysis gave the following molar ratios: adenine, 1.0; guanine, 
1.2; uracil, 0.85; cytosine, 0.89. These values are close to those 
previously reported (8) for whole cell Azotobacter RNA and poly 
AGUC. End group assay indicated an average chain length 
around 12. On ultracentrifugation,’? the polynculeotide ap 
peared polydisperse with an average sedimentation constant 


„ = 0.678. The fact that 10 to 15% of the material was 


dialyzable is a further indication of its heterogeneity. 
Polynucleotide Synthesis—It has been reported (2, 3) that the 

synthesis of polynucleotides by Azotobacter polynucleotide 

phosphorylase preparations of low nucleic acid content is slow 


7 We are indebted to Dr. R. C. Warner for these measurements. 
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in the absence of added polynucleotide primers. More detailed 
investigation with preparations as Step 6b of purification showed 
that the requirement or lack of requirement for added primers 
may depend on such factors as the concentration of enzyme and 
Mg... This is illustrated in Fig. 4. With small amounts of 
both enzyme and Mg“, synthesis of poly A was primed by 
poly A (Curves I and 2). As previously noted (2, 3), poly U was 
inactive or inhibitory of poly A synthesis (Curve 3). With 
either four times as much Mg.“ (Curve 4) or three times as much 
enzyme (Curve 5) the rate of synthesis, in the absence of added 
poly A, was the same as or higher than in the presence of poly A 
with the smaller amounts of both enzyme and Mgtt. These 
results suggest that the polynucleotide present in the enzyme 
preparations can prime polynucleotide synthesis. As shown by 
Singer et al. (5), oligonucleotides are good primers for poly- 
nucleotide phosphorylase. 

As already reported (2, 3), the synthesis of homopolymers is 
primed by the corresponding polynucleotides (poly A by poly A, 
poly U by poly U, ete.). Poly AGUC or RNA prime the syn- 
thesis of either poly A or poly U. The synthesis of poly C is 
primed by poly C but not by RNA, poly A, or poly U, whereas, 
on the other hand, poly C primes the synthesis of several poly- 
nucleotides, e.g. poly A poly U, poly G, poly AGUC. DNA does 
not prime polynucleotide synthesis by polynucleotide phosphoryl- 
ase. Evidence for some of these statements has been presented 
previously (2, 3) and priming of poly G synthesis by poly C will be 
described in a forthcoming paper. Supplementary evidence on 
the priming features of homopolymer synthesis is presented in 
Fig. 5 with synthesis of poly U asa typical example. With UDP 
as substrate (Curve 1, no primer), the reaction rate was not af- 
fected by DNA (Curve 2), was inhibited by poly A (Curve 3), 
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Fic. 4. Effect of primer and of Mg“ and enzyme concentration 
on poly A synthesis. Each sample contained (in micromoles), in 
4 final volume of 0.1 ml; Tris-HCI buffer, pH 8.0, 15; EDTA, 0.1; 
lithium ADP, 2; poly A or poly U (when present), 0.2 (as mono- 
nucleotide). Enzyme (specific activity, 400; 280:260 ma ratio, 
0.93) and MgCl; as indicated. Incubation at 30°. The ordinate 
gives the percentage of acid-labile phosphate released as ortho- 
Phosphate. Curve 1,0.5 X 10-? Mg“, 0.2 ug of enzyme; Curve 2, 
0.5 X lO m Mg,, 0.2 wg of enzyme, poly A; Curve 3, 0.5 X 10-3 
u Mg“, 0.2 ug of enzyme, poly U; Curve 4, 2.0 X 107? N Mg“, 
02 ug of enzyme; Curve 6, 0.5 X 10 U Mg, 0.6 ug of enzyme. 
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Fic. 5. Effect of polynucleotides on the synthesis of poly U. 
Each sample contained (in micromoles) in a final volume of 0.1 
ml, Tris-HCl buffer, pH 8.0, 15; EDTA, 0.05; MgCl, O. I; sodium 
UDP, 6; enzyme (specific activity, 80; 280:260 my ratio, 0.92), 6 
ug; primer polynucleotide (when present), 0.2 (as mononucleo- 
tide). Incubation at 30°. The ordinate gives the percentage of 
acid-labile phosphate released as orthophosphate. Curve 1, no 
primer; Curve 2, Azotobacter DNA; Curve 3, poly A; Curve 4, poly 
1 5, yeast RNA; Curve 6, Azotobacter RNA; Curve 7, poly 
A 


and was stimulated by poly U, yeast RNA, Azotobacter RNA 
and poly AGUC (Curves 4 through 7, respectively). In a 
separate experiment, under the conditions of Fig. 5, except for a 
smaller amount (0.25 yg) of a different enzyme fraction (specific 
activity, 150; 280:260 my ratio, 1.15), the liberation of Pi after 
60, 120, 210, and 315 minutes for UDP without primer was 1, 6, 
14, and 22%, for UDP with 0.2 umole (as mononucleotide) of 
poly C, 7, 16, 30, and 45%. This illustrates priming by poly C 
of poly U synthesis. In experiments on poly C synthesis, 
carried out exactly under the same conditions but with 0.125 
ug of the enzyme with a specific activity of 150, the liberation of 
PI for CDP without primer was 3, 5, 8, and 19%, for CDP with 
0.2 umole of poly C, 9, 18, 29, and 48%. Poly A, poly U, yeast, 
and Azotobacter RNA markedly inhibited Pi liberation from 
CDP. 


Of special interest are the priming requirements for poly AGUC 
synthesis. A requirement for primer was observed in this case 
even with high concentrations of enzyme and Mg**. Fig. 6 
presents additional evidence for previous statements (2-4) that 
synthesis of poly AGUC is primed by RNA or poly C (Curve 2) 
but not by poly A or poly U (Curve 1). In a similar experiment, 
salmon sperm DNA was inactive as a primer. Singer et al. (5) 
found that oligoribonucleotides, such as di-, tri-, and tetraadenylic 
acid, serve as primers for the synthesis of poly A, poly U, and 
polyribothymidylie acid (24). That this is also true of poly 
AGUC synthesis is shown in Fig. 6 (Curve 3) for triadenylic acid 
(pApApA, see (5)). There were no indications in experiments 
similar to those of Fig. 6, but on a larger scale, that the nature 
of the added primer whether triadenylic acid, poly C, or rat liver 
RNA, had a significant influence on the base composition of 
the resulting poly AGUC. As in the case of polymers made with 
crude Azotobacter polynucleotide phosphorylase preparations 
and equimolar amounts of ADP, GDP, UDP, and CDP (8), 
their base composition was similar to that of whole cell Azoto- 
bacter RNA. 
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Fia. 6. Effect of polynucleotides and of triadenylic acid on the 
synthesis of poly AGUC. Each sample contained (in amoles), in 
a final volume of 0.1 ml, Tris-HCI buffer, pH 8.0, 15; EDTA, 0.1; 
MgCl:, 0.2; lithium ADP, GDP, CDP, and UDP, each 0.5; en- 
zyme (specific activity 400), 14 ug; polynucleotide (when present), 
0.2 (as mononucleotide). Incubation at 30°. Curve 1, @——®@, 
no primer, O——O, poly A; O——O, poly U; Curve 2, @——@, 
poly C, O— 0, rat liver RNA; Curve 3, O——@, triadenylic 
acid (pApApA). 


DISCUSSION 


The results reported in this paper strongly suggest that, in 
A. vinelandii, polynucleotide phosphorylase is a single enzyme. 
The fact that the 500-fold purified enzyme contains a small 
amount of a low molecular weight polyribonucleotide, with 
adenine, guanine, uracil, and cytosine in similar ratios as in 
whole cell Azotobacter RNA, might be of functional significance. 
However, the material could simply be a partially degraded 
RNA contaminant tenaciously retained by the protein. We are 
inclined to consider the latter as the more likely alternative but, 
insofar as it has not been possible to remove the oligonucleotide 
without denaturing the enzyme, the matter remains unsettled. 

Whereas synthesis of poly AGUC and poly G with the puri- 
fied enzyme is markedly dependent on the addition of oligo- 
or polyribonucleotide primers, synthesis of homopolymers 
(e.g. poly A) can occur rapidly in the absence of added primers. 
Nevertheless, the reaction can be accelerated by addition of 
primer when very small amounts of enzyme or Mg** are used. 
It is possible, and indeed likely, that no polynucleotide synthesis 
whatsoever would occur without added primer if the enzyme 
were free of oligonucleotide. The results suggest that this 
oligonucleotide acts as a primer but the question whether the 
presence of primer is an absolute requirement for polynucleotide 
synthesis cannot be answered with the Azotobacter enzyme 
preparations available. 

The mode of action of oligoribonucleotide primers of poly- 
nucleotide phosphorylase has been elucidated in elegant experi- 
ments by Singer, Heppel, and Hilmoe (5). The mechanism of 
priming by polyribonucleotides, on the other hand, remains 
unknown. Priming by oligonucleotides is nonspecific, whereas, 
as pointed out in this paper and elsewhere (2-4), priming by 
polynucleotides exhibits a certain specificity. However, the 
base composition of poly AGUC was not significantly affected 
by the primer used, whether triadenylic acid, poly C, or liver 
RNA. Some influence of the primer on the product may be 
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indicated by the fact that the reaction mixture became visibly 
viscous during synthesis of poly AGUC with poly C as primer 
but not in the other cases. All the poly AGUC preparations 
showed polydispersity on ultracentrifugation. The following 
average sedimentation coefficients (s2,.) were obtained: poly 
AGUC (primed with triadenylic acid), 4.8 S; poly AGUC (primed 
with poly C), 7.0 S; poly C, 5.88. DNA was inactive as primer, 

From the above, it seems unlikely that a replication or copy. 
ing mechanism is operative in RNA synthesis by polynucleotide 
phosphorylase unless such mechanism were mediated by the 
oligonucleotide it contains. The question may, therefore, be 
asked whether this enzyme has a synthesizing function in the cell, 
The fact that it catalyzes polymerization of such compounds as 
thiouridine diphosphate (25) and fluorouridine diphosphate® but is 
inactive with azauridine diphosphate ((26) and footnote 8) could 
be in line with such a function since thiouracil and fluorouracil 
are incorporated into RNA in vivo, whereas 4-azauracil is but 
poorly incorporated. On the other hand, the enzyme, which is 
widely distributed in bacteria (27) and appears to be present in 
liver nuclei (28), cannot be detected in extracts of Lactobacillus 
arabinosus (27, 29). If really absent from this organism, poly- 
nucleotide phosphorylase could hardly be involved in RNA 
synthesis. While the biological role of polynucleotide phosphoryl. 
ase awaits clarification, search for enzymes of RNA synthesis 
other than polynucleotide phosphorylase has been intense in 
recent years and has led to the discovery of enzyme requiring all 
four ribonucleoside 5’-triphosphates and DNA for RNA forma- 
tion (29-33). These enzymes may be concerned with the syn- 
thesis of specific RNA molecules. 


SUMMARY 


The relative activity toward different nucleoside diphosphates 
remains essentially unchanged after 500-fold purification of 
polynucleotide phosphorylase of Azotobacter vinelandii suggesting 
that a single enzyme is involved. The purified enzyme, virtually 
free of nuclease, contains small amounts of an oligoribonucleotide 
(with adenine, guanine, uracil, and cytosine in similar ratios as 
in whole cell Azotobacter RNA) which is released on denaturation 
of the protein. Although we do not know whether this oligonu- 
cleotide is a prosthetic group or a tightly clinging contaminant, 
it may act as a primer of polynucleotide synthesis by the enzyme. 
No primer addition is required for the synthesis of polyadenylie 
acid when relatively large amounts of enzyme or Mg** are used, 
but a requirement for added primer becomes apparent with small 
amounts of either component. Synthesis of polymers containing 
guanylic acid is always markedly dependent on {addition of 
primer and requires much more enzyme. Under optimal con- 
ditions, the turnover number for polyadenylic acid synthesis 
(0.02 m adenosine diphosphate, 30°) is about 4,500 moles per 
minute per 105 g of protein, whereas that for synthesis of the 
copolymer of adenylic, guanylic, uridylic, and eytidylie acids 
(0.005 m each, adenosine diphosphate, guanosine diphosphate, 
uridine diphosphate, and cytidine diphosphate) is only in the 
neighborhood of 200. 

Polymer synthesis can be primed by polyribonucleotides in- 
cluding ribonucleic acid and by such oligoribonucleotides 4s 
triadenylie acid, but not by deoxyribonucleic acid. Priming by 
polynucleotides has certain specific features of obscure nature and 

Pp. Lengyel and C. Basilio, unpublished experiments. Syn- 


thetic 5-fluorouridine 5’-diphosphate was made available by Dr. 
C. Heidelberger, University of Wisconsin. 
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significance. Synthesis of the copolymer of adenylic, guanylic, 
uridylic, and cytidylic acids can be primed by triadenylic acid, 
polycytidylic acid, or ribonucleic acid from various sources but 
not by polyadenylic acid or polyuridylic acid. There is little or 
no influence of the primer on the base composition of the polymer. 
This is discussed in relation to the function of polynucleotide 
phosphorylase. 


Acknowledgment—We are indebted to Mr. Morton C. Schneider 
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scale growth of Azotobacter and preparation of the enzyme. 
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Kunitz (3) crystallized pancreatic deoxyribonuclease! and 
studied its kinetics and the products of its action on deoxy- 
ribonucleic acid. With a ratio of enzyme to substrate not 
higher than 1:500, the products obtained after exhaustive diges- 
tion had an average length of a tetranucleotide. Studies from 
this and Sinsheimer’s laboratory (for details see the recent re- 
view (4)), showed that the digest thus obtained represented a 
complex mixture of fragments varying in length from mono- 
nucleotides to at least octa-, possibly dodecanucleotides. The 
attempts to redigest larger oligonucleotides (by the use of a low 
enzyme-substrate ratio) into smaller fragments failed (5). It 
was therefore assumed that the digest thus obtained is a “limit 
digest” and that it is composed of fragments containing only 
internucleotide linkages which are totally resistant to the action 
of DNase I. 

Hurst (6) and Hurst and Findlay (7) observed that with a very 
large amount of enzyme (ratio of enzyme to substrate of the 
order 1:10), at pH 8.0, in the presence of ethylenediaminetetra- 
acetate and Mn**, the hydrolysis proceeds beyond the “limit 
digest”? stage. To explain their findings, Hurst and Findlay (7) 
postulated that crystalline DNase I contains still another 
enzyme, an oligonucleotidase, which is capable of hydrolyzing 
oligonucleotides present in the “limit digest” into smaller frag- 
ments, as measured by solubility in a uranyl acetate reagent. 

Independently, in the previous paper of this series (2), it was 
observed that when oligonucleotides carrying monoesterified 
phosphate on carbon 3’ were digested with very high amounts of 
DNase I, the predominant products were derivatives of dinu- 
cleotides. The hypothesis was advanced (2) that dinucleotides 
represent an ultimate product of the action of DNase I on 
deoxyribonucleic acid and that an apparent end point (“limit 
digest”) is caused by an insufficient amount offenzyme and by 
product inhibition. Thus, an alternative explanation was 
suggested, without postulating a contamination of DNase I by an 
oligonucleotidase. 

The unusual complexity of kinetics as well as heterogeneity of 


* This study was supported by grant AT(11-1)-293 from the 
United States Atomic Energy Commission and grant E-57C from 


the American Cancer Society. Parts I and II of this study have 


been published (1, 2). 

1 The abbreviations used are: DNase I, pancreatic deoxyribo- 
nuclease, and DNase II, splenic deoxyribonuclease. The ab- 
breviations of the derivatives of nucleic acids are those used by 
The Journal of Biological Chemistry. When dealing with frag- 
ments of unknown composition, nucleosides are represented by 
eanital letters X, F, Z. 
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the fragments present in the limit digest’’ of deoxyribonucleic 
acid by DNase I would be expected if one postulates that during 
the course of the reaction the substrate mixture becomes more 
resistant (4), until finally, at the stage of the so-called “limit 
digest,” the reaction becomes too slow to be measurable with 3 
low enzyme-substrate ratio. The consequence of such a hypoth- 
esis is that the “limit digest“ is not a final stage of the reaction 
and that under a favorable set of conditions (very high concen. 
tration of enzyme and absence of product inhibition) the reaction 
should proceed further, until the majority of products reach the 
size of dinucleotides and trinucleotides, the ultimate products of 
the reaction. The present paper describes experiments that 
support this hypothesis. 


EXPERIMENTAL PROCEDURE 


Enzymes—Crystalline pancreatic DNase I was purchased from 
the Worthington Biochemical Corporation. Crude pancreatic 
DNase I was obtained as a by-product in the preparation of 
chymotrypsinogen B (8). After crystallization of chymotryp- 
sinogen, the mother liquors were lyophilized and stored in the 
refrigerator. 

Previously described methods were used for preparing DNase 
II' (9), venom phosphodiesterase (10), and prostatic phosphatase 
(11, 12). The last two were gifts of Dr. S. C. Sung and Dr. I. 
Cunningham, respectively. 

Substrates—Native thymus DNA was prepared according to 
Kay et al. (13), and was a gift of Dr. J. G. Georgatsos. 

A 1-minute digest of DNA was prepared by exposing the 
native DNA to 1 minute of digestion by DNase I under such 
conditions that approximately 1 to 2% of the internueleotide 
bonds were hydrolyzed, as determined by the pH-Stat (see 
Methods). DNA, 100 mg, was dissolved in 50 ml of 0.05 1 
Tris buffer, pH 8.0, containing 0.0075 M MnCl, and 0.0045 U 
EDTA, and warmed in a water bath to 37°. DNase I, 100 . 
was added to the DNA solution, and the mixture was allowed to 
incubate for 1 minute. The reaction was stopped by the add: 
tion of 2 volumes (100 ml) of cold 95% ethanol. The precipitate 
which formed was centrifuged and dissolved in cold citrate buffer, 
0.015 Mu, pH 7.1, containing 0.14 m NaCl. Duponol, reerystal 
lized sodium dodecyl sulfate, was added to denature the possible 
remaining DNase I; the NaCl concentration was increased to 5%; 
and the solution was warmed to room temperature. After 
removal of the excess Duponol by crystallization in the col, 
followed by centrifugation, 9 volumes of 95% ethanol were added 
to the supernatant, and the mixture was centrifuged. Th 
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precipitate was dissolved in citrate buffer (as above) and re- 
precipitated with 4 volumes of 95% ethanol. It was then dis- 
solved in water and dialyzed overnight against water, at 4°. 
Characterization of substrates is given in Table I. 

A 10-minute digest of DNA was prepared in the same manner 
as the 1-minute digest, except that digestion was carried out for 
10 minutes and resulted in cleaving approximately 10% of the 
internucleotide bonds. 

DNase I, oligonucleotide fraction, was prepared by digesting 
200 mg of thymus DNA in 100 ml of 0.1 M Tris buffer, pH 8.0, 
containing 3 X 10-* M Mund:, with 400 ug of DNase I at 37° 
for 5 hours. The digest was chromatographed on Dowex 1-X2 
columns and eluted with ammonium acetate, pH 4.5. Frac- 
tions eluted with 2 M buffer were discarded, and the remainder 
of the digest, eluted with 4 m buffer, was collected, lyophilized 
free of buffer, and used as substrate. Fragments composing this 
fraction are heterogeneous with respect to length and composi- 
tion, but all were terminated in 5’-phosphate. 

DNase II, oligonucleotide fraction was obtained by digesting 
DNA with DNase II under conditions previously described (14). 
The fraction eluted from a Dowex 1 column between 2 and 4 M 
acetate was collected. Fragments constituting this fraction 
differed from the DNase I, oligonucleotide fraction by being 
terminated in 3’-phosphate. 

Methods—Hydrolysis of substrates was followed by titration of 
liberated secondary phosphoryl groups with a pH-Stat as 
described by Williams et al. (10). 

Chromatography on Dowex 1-X2 columns was performed by 
standard procedures (15, 16). Two-dimensional paper chro- 
matography was performed as described previously (17). 


RESULTS 


Fig. 1 and Table II show the results of experiments in which 
DNase I was allowed to hydrolyze either DNA or its degradation 
products, and the rates of reaction were recorded in the pH-Stat. 
In the experiments shown in Fig. 1, four substrates were used: 
Curve A, native DNA; Curve B, 1-minute digest; Curve C, 10- 
minute digest; and Curve D, DNase I oligonucleotide fraction. 
These substrates had the same statistical composition of nucleo- 
tides. They all were terminated in 5’-phosphate. They differed 
in length of the chains from about 17,000 nucleotides in the 
native DNA to about 5 to 10 in the DNase I, oligonucleotide 
fraction. 

The amount of substrate was kept constant in respect to 
phosphorus, but the amount of enzyme varied from 3.6 ug (Curve 
A) to 720 wg (Curve D). This increase in enzyme was necessary 
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Fic. 1. Comparison of rates of hydrolysis of DNA and its frag - 
ments by two preparations of DNase I, crystalline (O, 0, A) and 
crude (, . A). Curves: A, native DNA; B, 1-minute DNase 
I digest; C, 10-minute DNase I digest; and D, DNase I, oligo- 
nucleotide fraction. Amount of each substrate was measured in 
absorbancy units, As, and was equivalent to I mg of native 
DNA. In all experiments, Mn“, 7.5 X 10°? u + 4.5 X 10° u 
EDTA was used; pH was kept at 8.0; and the total volume was 10 
ml. In Curve A, O——O represents 3.6 ug of crystalline DNase; 
@——@, 39 ug of crude DNase. In Curve B, O——O represents 
7.2 ug of crystalline DNase, c — 1 78 ug of crude DNase. In 
Curve C, A——A represents 360 ug of crystalline DNase, A——A, 
3.9 mg of crude DNase. For simplicity lines are drawn only for 
the experiments with crystalline DNase I. In Curve D. xX 
represents 720 ug of crystalline DNase. Titration curves are con- 
tinuous, and symbols do not represent the experimental points, 
but are used to distinguish curves. 


TaBie II 


Dependence of activity of DNase I on concentration of 
divalent cations, pH 8.0 


NaOH titrated at 15 minutes“ 
ase I, oli- 
Concentration DNA, 23.0 A unite? 30.0 
Ass unitef 
DNase, 15 % | DNase, 3 wg | DNase, 1 mg 
* pmole umole pmole 
MgCl: 2x 10 0.145 
1X 10° 0.180 0.035 
2.5 X 10 0.215 
1X 10°° 0.255 0.055 
5 X 10 0. 190 
1X 10° 0.030 0.020 
MnCl, 1 X 10°? 0.385 0.070 
3 X 10°? 0.380 
1 X 10° 0.380 0.080 
5 X 10 0.390 
1X 10 0.035 0.050 


* At this time, the reaction rate had not fallen greatly below 


to obtain rates which were roughly comparable and could be the initial rate for any of the determinations. 
shown on the same graph. 


t Amounts are given per sample; the total volume was 10 ml. 
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The results show that a continuous decrease in susceptibility 
occurs during the digestion of DNA by DNase I. Even a short 
exposure to DNase I in the 1-minute digest, resulting in the 
cleavage of no more than 2% of the bonds, decreases the sus- 
ceptibility of the substrate. The striking change in susceptibility 
occurs between the 1-minute digest and the 10-minute digest. 
It appears, therefore, that the continuously increasing resistance 
of the remaining substrate is not linear in respect to time, but 
resembles a sigmoid curve. Maximal decrease in susceptibility 
is observed with the DNase I, oligonucleotide fraction. A 200- 
fold excess of enzyme acting on this substrate produces only one- 
eighth of the rate observed with native DNA. 

Similar conclusions are reached by examining the results 
shown in Table II. Several hundred fold more enzyme is re- 
quired to hydrolyze the DNase I, oligonucleotide fraction than 
to hydrolyze DNA at a similar rate. 

Experiments presented in Fig. 1 show no significant difference 
in the behavior of the two preparations of DNase, crystalline and 
crude. It was not possible to make a valid experiment with 
crude DNase and DNase I, oligonucleotide fraction as substrate, 
since the amount of enzyme required was too high for pH-Stat 
determination. With native DNA, 39 ug of crude preparation 
produced a rate almost identical to that of 3.6 ug of crystalline 
enzyme. With the 1-minute digest and 10-minute digest, the 
amounts of enzyme used were, respectively, 2- and 100-fold 
higher, but the ratio of crude (Fig. 1; , @, A) to crystalline 
(Fig. 1; O, Q, A) was kept constant. As is seen from Fig. 1, 
the rates observed with the crude enzyme do not significantly 
differ from the rates expected from the activity of the crystalline 
DNase. These results do not substantiate the existence of a 
different oligonucleotidase in our preparation of crude DNase. 

A second argument which has been used in favor of the 
existence of a separate oligonucleotidase was that requirements 
for the activating cation were different for the early and late 
stages of digestion. In the late stages (7), higher rates and 
more extensive hydrolysis were observed in the presence of Mn++ 
than in the presence of Mg++. By the same method (pH-Stat), 
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Fic. 2. Time- activity curve of crystalline DNase I. Initial 
conditions were: 1.07 mg of DNA, 7.5 X 10 m Mn** + 4.5 X 10—˙ 
m EDTA, pH 8.0, total volume of 10 ml, and 2 ug of DNase I. 
At 30 minutes 200 ug of DNase I, and at 60 minutes 800 ug were 
added to bring the total amount of enzyme to 1 mg. The rates 
are indicated as tangents, calculated for the first 2.5 minutes for 
each enzyme concentration. 
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10 20 30 
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Fig. 3. Effect of the reaction products on hydrolysis of DNA 
by DNase I. O——O represent 1 mg of DNA, 2.4 wg of DNase I, 
3 X 10°? M Mn**, pH 8.0, in a total volume of 10 ml. @—® 
represents the same, plus 300 Asp units of DNase I, oligonucleo. 
tide fraction. Asin Fig. 1, symbols are used to distinguish curves. 


experiments were performed to compare the activating effect of 
Mg“ and Mn** on two substrates, native DNA (mol. wt. ap- 
proximately 5 X 10°) and the DNase I, oligonucleotide fraction 
(mol. wt. about 2 x 100. Concentration of substrates in respect 
to phosphorus was the same in both cases. The experimental 
curves are not reproduced; only 15-minute values are compiled 
in Table II. 

In agreement with previous workers, Mn** was found to bes 
better activator whether DNA (initial stages of reaction (18)) 
or the DNase I, oligonucleotide fraction (terminal stages of re- 
action (7)) was used. It may also be noted that in agreement 
with several previous workers (4) the optimal concentration of 
a bivalent cation correlated with the concentration of the sub- 
strate expressed in terms of phosphate, but did not correlate 
with the molar concentrations of either substrate or enzyme. 
The similarity of optimal concentrations found with both sub- 
strates suggests that the requirement for bivalent cations does 
not change during the course of the reaction. This finding, 
again, does not substantiate the hypothesis that two phases of 
the reaction are due to two different enzymes. 

The decreasing susceptibility of substrate during the course o 
the reaction may also be illustrated by a different type of exper- 
ment (Fig. 2). The original system contained 1 mg of DNA and 
2 ug of crystalline DNase. After 30 minutes, the rapid phase of 
the reaction had ended.? At that time, 200 ug of enzyme (100 
times the original amount) were added, and the original rate of 
the reaction was restored, as shown by the tangents (Fig. 2), 
drawn on the basis of the rate for the first 2} minutes for each 
enzyme concentration. At 60 minutes, a further addition of 800 


? Numerous control experiments (not reproduced) established 
that little or no denaturation of the enzyme occurs during $ 
exposures. Thus, the decreased reaction rate cannot be ascribed 
to the inactivation of the enzyme. 
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Fic. 4. Relative rates of hydrolysis of oligonucleotides ter- 
minated in 3’- (DNase II, oligonucleotide fraction, upper curve) 
and 5’-phosphate (DNase I, oligonucleotide fraction, lower curve). 
Conditions of hydrolysis were: 30 4, units of substrate, 720 ug of 
erystalline DNase I, 3 X 10-* m MnCl;, pH 8.0, in 10 ml of total 
reaction volume. At the time indicated by arrow, 720 ug of DNase 
vas added to DNase II, oligonucleotide fraction. 


30 


yg (total amount, I mg of DNase present in the system) restored 
the rate of the reaction to only approximately 30% of the 
original value. At 90 minutes, 34% of the internucleotide 
phosphodiester bonds have been cleaved, with the reaction still 
proceeding at a detectable rate. In some of the similar runs, up 
to 40% of all internucleotide bonds have been hydrolyzed. 

The major difference between the experiments illustrated in 
Fig. 1 and Fig. 2 is that in the latter, products of the reaction re- 
mained. However, the increased demand for enzyme at the 
corresponding stages of reaction was of a similar order of magni- 
tude in both cases. This suggested that the observed phenome- 
non is mainly caused by newly acquired structural resistance of 
shortened chains and that inhibition by the reaction products 
plays a lesser role, if any. 

Cavalieri and Hatch (19) studied the kinetics of acid liberation 
during the degradation of DNA by DNase I and concluded that 
DNase I is inhibited by the products formed. Even though the 
short chains are susceptible to massive doses of enzyme, one 
would expect that they would act as inhibitors when — 
into a system composed of highly susceptible substrate and nor 
mal amounts of enzyme. That this is indeed the case is il- 
lustrated in Fig. 3. As expected, inhibition by the products, 
which in this case accounts for approximately 50% is by far the 
smaller of the two factors contributing to the decrease in the rate 
of reaction. 

It has been previously shown (2) that DNase I cleaves 3’ ,5’- 
mononucleoside diphosphates from oligonucleotides terminated 
in 3’-phosphate, but does not cleave either mononucleotides or 
nucleosides. This was interpreted as a labilizing influence of the 
3’-phosphate group. If this interpretation is correct, one might 
expect that oligonucleotides terminated in 3’-phosphate should 
be better substrates than those terminated in 5’-phosphate. The 
experiment in which DNase I, oligonucleotide fraction and DNase 
II. oligonucleotide fraction were compared is shown in Fig. 4. 
As expected, the latter was found to be a better substrate. The 
two fractions certainly differed in the termination of the chain, 
DNase I fragments terminating in 5’-phosphates and DNase 
II fragments terminating in 3’-phosphates. The average length 
of the chain was presumably the same, since both fractions were 
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eluted from a Dowex 1 column between 2 and 4 M acetate buffer. 
The statistical composition of nucleotides was also similar and 
did not differ substantially from the composition of DNA. No 
statement can be made concerning the sequences present. It 
is quite probable that sequences in DNase II products were 
more favorable to digestion by DNase I than were those re- 
maining after previous exposure to DNase I. The observed dif- 
ference in rate (Fig. 4) is of the same order of magnitude as 
that between DNase I, oligonucleotide fraction, and the 10- 
minute digest (Fig. 1), and hardly can be attributed to pref- 
erential sequences, if they were present. The enhancing in- 
fluence of the free 3’-terminal phosphate is also supported by the 
next experiment (Fig. 5) showing that pXpYpZ? is resistant to 
DNase I, regardless of composition, whereas XpYpZp was 
previously shown to be susceptible (14, 7), also regardless of 
composition. 

It remained to prove that dinucleotides (and trinucleotides) of 
the type pXpY and pXpYpZ are the ultimate products of the 
reaction. A so-called “limit digest” of DNA was prepared in a 
standard manner and was chromatographed on Dowex 1-X2. 
The mononucleotides, dinucleotides, and most of the trinucleo- 
tides were removed by 1.25 M1 ammonium acetate buffer, pH 4.5. 
The fraction which was eluted between 1.25 and 2.5 M ammonium 
acetate was collected, lyophilized free of buffer, and subjected to a 
second digestion by DNase I. The fraction contained 623 
absorbancy units (Ase = 623) of oligonucleotides (approximately 
25 mg). The chains varied in length, probably from 4 to 6 
nucleotides, but presumably were uniform in regard to termina- 
tion in monoesterified phosphate, which was on carbon 5’. The 
fraction was dissolved in 2 ml of 0.1 m Tris buffer, pH 7.0, 
containing 0.02 M MgCl,; enzyme was added in 2 mg portions 
daily, until a total of 8 mg had been added. Toluene was used 
as a preservative. Incubation was stopped after 5 days. The 
mixture was then chromatographed as before. Fig. 5 illustrates 
the pattern obtained. The last dinucleotide, pGpG, together 
with some trinucleotides, appeared in the last peak of 1 M buffer. 
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Fic. 5. Chroma ic pattern of the digest of oligonucleo- 


tides terminated in 5’-phosphate by a massive dose of DNase I. 
Chromatography carried out on a column (20 X 0.9 em) of Dowex 
1-X2 with ammonium acetate, pH 4.5, as eluent. Volume of 
effluent and changes in concentrations of buffer are indicated 
along the abscissa. The mononucleotides and some identified 
dinucleotides are indicated above the peaks. Peak marked 
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It is estimated that 65% of the eluted material were mononucleo- 
tides and dinucleotides; 25%, trinucleotides; and 10% remained 
undigested. Since the usual amounts of mononucleotides and 
dinucleotides in a limit digest’ are about 1 and 17%, respec- 
tively, the presently found 1.8% of mononucleotides and 63% of 
dinucleotides represents an increase of mononucleotides by a 
factor of 2 and dinucleotides by a factor of 4. Previous reports 
from this and Sinsheimer’s laboratory (4) showed that dinucleo- 
tides are resistant to further digestion by DNase I and cannot 
serve as precursors of mononucleotides. Recent results of 
Ralph et al. (20) indicate that certain trinucleotides are also 
resistant. This experiment showed that all dinucleotides and 
trinucleotides present in the digest are resistant to extremely 
high concentration of DNase I, and therefore do not serve as a 
source for mononucleotides. 

The last peak of Fig. 5 (eluted with 2.5 m buffer), when sub- 
jected to further action by an equal amount of DNase I, was 
approximately 70% digested. The various products were pres- 
ent in too small amounts to identify, except pG(pApG). 


DISCUSSION 


‘Although the present results did not definitely rule out the 
possibility that crystalline DNase I contains an additional 
oligonucleotidase, no confirming evidence has been found. 
The alternative, for which the substantiating evidence has been 
presented, is that one enzyme is responsible for the observed 
phenomena. As the reaction proceeds, products are formed 
which act as inhibitors when added to the preceding stage of the 
reaction, but which are still substrates when massive doses of 
enzyme are applied. The data at hand do not allow one to 
speculate on a more detailed mechanism of the reaction. 

The described case may not be a unique example of hydrolysis 
of nucleic acids. It now seems likely, that a slow second phase 
reaction observed by Koerner and Sinsheimer (21) with DNase 
II may have a similar explanation. 

Since several criteria for the classification of enzymes at- 
tacking DNA have been recently reviewed (4), it seems worth 
mentioning that the ability to readily hydrolyze dinucleotides 
may also serve as a criterion. Thus, endonucleases (DNase I, 
micrococcal nuclease (22)), and an exonuclease, phosphodies- 
terase from Escherichia coli (23) are incapable of hydrolyzing di- 
nucleotides regardless of their composition, whereas mung bean 
nuclease (24) readily attacks dinucleotides of a definite compo- 
sition, and phosphodiesterase from venom, attacks all dinu- 
cleotides. 

SUMMARY 

During the process of hydrolysis of deoxyribonucleic acid by 
pancreatic deoxyribonuclease, the reaction rate progressively 
decreases. The process is continuous, but not linear with time. 
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As the reaction progresses, the compounds which are formed are 
inhibitors when added to the system containing native deoxy. 
ribonucleic acid, but are substrates if treated with a massive dose 
of pancreatic deoxyribonuclease. 

The optimal concentrations of activating bivalent cations re. 
main the same throughout the course of the reaction and are not 
dependent on the enzyme concentration. Chains of oligonueleo- 
tides of the same average length appear to be better substrates if 
monoesterified phosphate is carried in position 3’ rather than in 
position 5’. With a very high amount of enzyme (ratio of 
pancreatic deoxyribonuclease to substrate of the order 1:1), 
dinucleotides account for over 60% and trinucleotides for ap. 
proximately 25% of the digest. 
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Amino acid acceptor ribonucleic acid isolated from mammalian 
or bacterial sources is terminated by adenylic acid (1-4). A 
number of investigators have examined the enzymatic incor- 
poration of adenosine phosphate and demonstrated that adeno- 
sine phosphate could be added to the end of ribonucleic acid 
chains (5-7). If ATP containing P® in the a-phosphate was 
used as the substrate and the product, containing AMP®, sub- 
jected to alkaline hydrolysis, there was a quantitative transfer 
of Pu to the 2’,3’ mixture of CMP (6). Subsequently it was 
demonstrated that the RNA formed contained the terminal 
trinucleotide sequence pCpCpA both in liver, by Hecht et al. 
(4), and in Escherichia coli, by Preiss et al. (8). The latter in- 
vestigators also found that the enzyme which incorporated both 
AMP and CMP led to the pyrophosphorolysis of E. coli soluble- 
RNA, with the release of only CTP and ATP from the 3’-hy- 
droxyl end of soluble-RNA. 

In this paper further evidence in support of the terminal tri- 
nucleotide sequence pCpCpA is presented for both yeast and 
E. coli soluble-RNA and the enzymatic reaction leading to its 
formation is characterized. A preliminary report of this work 
has appeared (9). 


EXPERIMENTAL PROCEDURE 


The following materials were obtained commercially: purine 
and pyrimidine derivatives (Pabst Laboratories, and Sigma 
Chemical Company), crystalline pancreatic RNase and DNase 
(Worthington Biochemicals Corporation), streptomycin sulfate 
(Merck and Company), ATP-8-C" (Schwarz Bio Research), 
creatine phosphate (Sigma Chemical Company), bovine serum 
albumin (Armour Laboratories), DEAE-cellulose (Brown and 
Company). 

Cytidine-P®PP and C-labeled CTP were prepared by both 
chemical and biological procedures (10). Adenosine- PPP and 
guanosine-P“PP were gifts of Dr. N. Entner. UMP was pre- 
pared by the cyanoethyl phosphate procedure as described by 
Tener (11) and converted to uridine-P®PP by the combined 
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action of a specific UMP kinase, partially purified from E. coli,! 
and nucleoside diphosphokinase, partially purified from rabbit 
muscle (12). Adenosine-PPYP was prepared by the combined 
action of polynucleotide phosphorylase and nucleoside diphos- 
phokinase as described previously for cytidine-PP“P (13). Com- 
mercial P®-labeled pyrophosphate (Picker X-Ray Corporation), 
was purified by chromatography on Dowex 1-Cl (14). Purified 
snake venom phosphodiesterase was prepared by the procedure 
of Koerner and Sinsheimer (15) from lyophilized venom of Cro- 
talus adamenteus (Ross Allen Reptile Farms, Silver Spring, 
Florida). One unit is defined as that amount of enzyme which 
releases 1 umole of mononucleotide per hour from a pancreatic 
DNase digest of thymus DNA (15). 

E. coli W was grown on the following medium: K,. HPO, 0.1%; 
KH.: PO,, 0.3%; sodium citrate, 0.05%; MgSO,, 0.0098%; glu- 
cose, 0.5%; and Difco yeast extract, 0.1%. Cultures were 
grown with vigorous aeration and harvested during late expo- 
nential growth. The cells were washed with a solution contain- 
ing 0.5% NaCl and 0.5% KCl (300 ml per 100 g of packed wet 
cells) and stored at —10°.? 

Preparation of Soluble-RNA—Low molecular weight yeast 
RNA was prepared by the following procedure, which is a modi- 
fication of that described by Monier et al. (16). All operations 
were carried out at 2-3° unless otherwise stated. Baker’s yeast, 
200 g, was suspended in 400 ml of water and 400 ml of phenol- 
water (80:20, volume per volume) were added. The slurry was 
mixed vigorously for 1 hour. The suspension was then centri- 
fuged for 8 minutes at approximately 10,000 x g. The aqueous 
layer was withdrawn and to it 0.1 volume of 20% potassium ace- 
tate buffer, pH 5.1, and 2 volumes of 95% ethanol were added. 
After 30 minutes, the precipitate containing RNA was collected 
by centrifugation, and suspended in 25 ml of 0.02 M Tris buffer, 
pH 7.6. The residual phenol was removed by extraction with 
four 12.5 ml aliquots of ether at 25°. The solution was treated 
with 0.1 volume of potassium acetate buffer, pH 5.1, and 2 vol- 
umes of ethanol; the RNA collected by centrifugation and dis- 
solved in 20 ml of 0.02 u Tris buffer, pH 7.6. The RNA solu- 
tion was then dialyzed for 16 hours against 500 ml of 0.02 M 
Tris buffer, pH 7.6. The preparation at this stage had 100 opti- 
cal density units per ml when examined at 260 mu and showed a 
280:260 ratio of 0.5. The solution contained 6.6 umoles of or- 
cinol-reacting material (17) per ml (uncorrected). This prepa- 


1 Bresler, A., unpublished procedure. 
2 We are indebted to Lederle Laboratories, Pearl River, New 
York, for providing the Escherichia coli cells used for the enzyme 
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ration, under the conditions described below, was a good acceptor 
of AMP, but accepted CMP poorly or not at all. It became an 
acceptor of CMP when the solution (10 ml) was incubated for 20 
minutes at 38° with 370 units of venom phosphodiesterase in the 
presence of 0.045 M glycylglycine buffer, pH 8.6, and 0.005 M 
MgCl. The modified product was precipitated with 1.0 ml of 
7% perchloric acid, washed twice with 2 ml aliquots of 1% per- 
chlorie acid, and dissolved by the addition of 7 ml of 0.11 u 
Tris buffer, pH 7.6. This treatment is analogous to that done 
by Priess et al. (8) with E. coli RNA. 

Protein was determined by the method of Lowry et al. (18), 
and Pi according to Fiske and SubbaRow (19). Pyrophosphate 
was measured as Pi after hydrolysis in 1 N HCl for 10 minutes 
at 100° 

Assay of RN A-Adenylate (Cytidylate) Pyrophosphorylase—The 
reaction mixture (0.5 ml), unless otherwise stated, contained 50 
mM Tris buffer, pH 8.4, 8 mm MgCle, 2 mu mercaptoethanol, 0.1 
mM radioactive nucleoside triphosphate, RNA as indicated, and 
enzyme in 7-ml glass centrifuge tubes. After incubation at 38° 
for 20 minutes, 0.2 ml of 7% perchloric acid and 1.5 mg of bovine 
serum albumin were added. The albumin served as carrier pre- 
cipitate. The precipitate was collected by centrifugation at 
approximately 10,000 x g in-an International PR 2 refrigerated 
centrifuge with multispeed attachment. The supernatant solu- 
tion was discarded, and the precipitate was washed twice by re- 
suspension in 3 ml of 1% perchloric acid and recentrifugation. 
The residue was dissolved in 1.5 ml of 0.2 M1 NH,OH, the solution 
dried on metal planchets, and the radioactivity measured. No 
correction was made for self-absorption. Incubation mixtures 
from which the enzyme was omitted, or added after perchloric 
acid, served as controls. A unit of enzyme was defined as that 
amount of activity which leads to the conversion of 1 mumole 
of radioactive ribonucleotide into an acid-insoluble form under 
these conditions. 

RESULTS 

Purification of RNA Adenylate (Cytidylate) Pyrophosphoryl- 
ase—Eighty grams of E. coli W (frozen packed cells) were thawed 
and stirred with 50 ml of 0.01 m Tris buffer, pH 7.5, containing 
0.01 u MgCl. This mixture was then added to 200 g of glass 
beads (Minnesota Mining and Manufacturing Company, Grade 
100) in a Waring Blendor previously cooled to 10. The sus- 
pension was homogenized for 15 minutes between 0 and 5°, 


TABLE | 
Purification of RNA-AMP (CMP) pyrophosphorylase 


AMP j 
fraction 

total units unils / ng protein 
Streptomycin sulfate eluate 41607 42.5 
Ammonium sulfate Fraction J.  4000t 76.0 
DEAE-cellulose eluates............... 2080 1700.0 
Ammonium sulfate Fraction II........ 2220 1010.0 


* See text for definition of units. 
t At each step in the purification aliquots were removed. The 
total units in this column are adjusted to indicate the yield that 


would have been obtained if the entire fraction had been used in 
the subsequent step. 


treated with 200 ml of a solution containing 0.01 m Tris 

pH 7.5, and 0.01 m MgCl:, and homogenized for 10 minute 
longer. The glass beads were allowed to settle and the supe. 
natant suspension decanted. Subsequent operations were pe. 
formed at 2-3°. 

The combined extracts were centrifuged for 2 hours in: 
Spinco model L ultracentrifuge at 105,000 x g, yielding approx. 
mately 300 ml of crude extract, which was then dialyzed for 16 
hours against 10 liters of 10-* M mercaptoethanol. To 250 ml of 
dialyzed extract, 12.5 ml of a fresh 5% streptomycin sulfate soly. 
tion were added and the mixture allowed to stand for 20 minute 
with occasional stirring. The resulting precipitate was collected 
by centrifugation, suspended in 25 ml of 0.05 M phosphate buffer, 
pH 7.5, and homogenized in a glass tube fitted with Teflon 
pestle. The mixture was centrifuged at 10,000 x g for 10 mip. 
utes and the supernatant material collected (streptomycin sy. 
fate eluate). The eluate solution was made 0.0035 M with r. 
spect to MgCl:, and 0.85 ug of pancreatic DNase was added pe 
ml of enzyme solution. The mixture was incubated for 15 mip. 
utes at 38° and then centrifuged to remove insoluble materia 
To 20 ml of the DNase treated solution, 7.22 g of solid (NH,),80, 
were added (to 60% saturation). After 10 minutes at 2°, the 
resulting precipitate was collected by centrifugation and dis 
solved in 5 ml of water (ammonium sulfate Fraction I). 

This solution was then dialyzed for 16 hours against 2 liters of 
0.032 m Tris buffer, pH 8.4, containing 10 M mercaptoethanol, 
The dialyzed ammonium sulfate fraction (5 ml) was passed 
through a DEAE-cellulose (20) column, 3.4 X 4.9 em.: (The 
DEAE-cellulose was prewashed with 30 ml of water and 30 ml of 
0.1 u Tris buffer, pH 8.4.) Protein was eluted successively with 
30 ml of 0.1 M, 30 ml of 0.2 u, 120 ml of 0.25 M, and 60 ml of 05 
m Tris buffer, pH 8.4, and 30-ml fractions were collected. The 
bulk of the enzyme activity was eluted with 0.25 M Tris buffer. 
Each of the column fractions was assayed for AMP-incorporating 
activity, and those fractions which showed a 4-fold or greater 
purification were combined (DEAE-cellulose eluates). The 
DEAE-cellulose eluate fractions were concentrated by precipits- 
tion with ammonium sulfate as follows: to 110 ml of the com- 
bined DEAE-cellulose eluates, 71.5 g of solid (NH) SO, wer 
added (to 95% saturation) and after 1 hour the mixture was 
centrifuged in a Spinco model L centrifuge for 30 minutes at 
105,000 x g. The small precipitate was dissolved in 2.4 ml of 


0.05 M Tris buffer, pH 8.4 (ammonium sulfate Fraction II). The 
results of a typical enzyme preparation are summarized in I 
ble I. 

Properties of Purified Enzyme—The enzyme fractions incor 
porate both CMP and AMP, and the ratio of the activity with 
each nucleotide remains constant over the entire range of pur: 
fication (Table II), Loss of AMP-incorporating activity 0 
heating is accompanied by identical loss of CMP-incorporating 
activity. When the ammonium sulfate Fraction II was heated 
at 50° for 6 minutes, 68% of the AMP. and 61% of the CMP. 
incorporating activity remained. After the fraction was heated 
for 24 minutes at 50°, 16% of AMP. and 18% of the CMP. 
corporating activity remained. 

The final preparation contained no detectable polynucleotide 
phosphorylase (21, 22) or inorganic pyrophosphatase (23) activ 
ties. Some ATPase and amino acid-activating enzyme activity 
was detected. There was a gradual loss of activity with w. 


peated freezing and thawing and again the activities for CMP 
or AMP incorporation decreased in a parallel manner. The 
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DEAE-cellulose eluates showed essentially no loss in enzyme 
activity after storage at either 2° or —10° for 4 months. 

General Requirements—With the purified enzyme fractions, 
nucleotide incorporation was dependent upon the presence of 
MgCl: and RNA. Addition of low levels of RNase to the incu- 
bation mixture inhibited the reaction, whereas DNase was with- 
out effect (Table III). The incorporation of nucleotide was di- 
rectly proportional to the amount of enzyme added and was linear 
for about 30 minutes. When incorporation had stopped, further 
addition of enzyme or ATP was without effect, whereas addition 
of RNA caused a resumption of the reaction (Fig. 1). 

The pH optimum is approximately 8.4. At pH 6.8 and pH 
10 the reaction is about one-half as rapid. Although the presence 
of 5 mm Pi in the routine assay mixture (containing 50 mu Tris 
buffer) does not inhibit the reaction, replacing Tris buffer with 
50 ma phosphate buffer results in a 70% inhibition. Tris buffer 
could be replaced by glycylglycine buffer without any inhibition 
of the rate of nucleotide incorporation. 

1. RNA requirement: The rate of incorporation of AMP as a 
function of the quantity of yeast RNA added is shown in Fig. 2. 
For AMP incorporation the requirement for RNA is satisfied by 


II 
Ratio of AMP and CMP incorporation with purification 

The reaction mixture (0.5 ml) contained 8 mm MgCl:, 50 mm 
Tris buffer (pH 8.4), 2 mu mercaptoethanol, and either 0.25 mg of 
yeast RNA (assuming I mg of RNA has an optical density of 20 at 
260 ma), 0.086 mm ATP-C™ (specific activity 8.0 X 105 ¢.p.m. 
per umole) (AMP incorporation) or 0.22 mg of venom-treated 
yeast RNA plus 0.092 mu eytidine- PPP (specific activity, 5.18 
X 105 . p. m. per umole) (CMP incorporation). The reaction was 
terminated after 20 minutes. 


con AMD | Ca | 
units/mg protein 
Crude extract.................. 39 76 1.9 
Streptomycin sulfate eluate... . 125 226 1.8 
Ammonium sulfate Fraction I. . 168 268 1.6 
DEAE-cellulose eluates 225330 5350 | 2.1 
Taste III 


Requirements for AMP incorporation into RNA 
The reaction mixture contained 0.1 mu Ci. ATP (specific ac- 
tivity 8.0 X 10°¢.p.m. per wmole), 8 mu MgCls, 50 mu Tris buffer, 
pH 8.4, 2 mm mercaptoethanol, 0.25 mg of yeast RNA, and 1 yg 
of enzyme (ammonium sulfate Fraction II). The reaction was 
lerminated after 20 minutes, The nucleases were added with the 
other components with no preincubation period. 


Additions 4 

mumole 

I. Complete systemnui 0.76 

4. Omit 0.52 
5. Complete system + 4 wmoles of creatine phos- 

phate + creatine phosphokinase................ 0.70 

6. Complete system + 5 wg of DNase.............. 0.76 

1, Complete system + 0.1 ug of RNase <0.02 


J. J. Furth, J. Hurwitz, R. Krug, and M. Alexander 
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20 40 60 80 100 120 140 160 180 200 
TIME (MINUTES) 


Fig. 1. Reaction mixture A (5.0 ml) contained 2.65 mg of yeast 
RNA, 15 yg of enzyme, 2 mm mercaptoethanol, 8 mu MgCl:, 50 
mu Tris buffer (pH 8.4), and 0.1 mu CM. ATP. Aliquots were 
taken at various times. At 107 minutes, 10 ug of enzyme and, at 
127 minutes, 1.83 mg of RNA were added. Reaction mixture B 
(2.5 ml) was identical except that all components were halved. 
At 105 minutes, 0.17 umole of CM- ATP was added. 
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Fic. 2. Reaction mixture (0.5 ml) contained 0.1 mu C¥-ATP, 
8 mm MgCl;, 50 mu Tris buffer (pH 8.4), 2 mu mercaptoethanol, 


and 1 yg of enzyme. The RNA concentration was varied as de- 
scribed. The reaction was terminated after 20 minutes. 
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TABLE IV 
Requirements for pyrophosphate exchange 

The incubation mixtures (0.5 ml) contained 8 mm MgCl:, 50 mu 
Tris buffer (pH 8.4), 2 mm P®-pyrophosphate (specific activity, 
2.24 X 10% e. p. m. per umole), and 10 ug of enzyme. ATP and CTP 
(0.06 mm) were added where indicated. For ATP exchange, 0.25 
mg of yeast RNA was used. (Because of amino acid-activating 
enzyme activity in the purified enzyme preparation, RNA was 
pretreated with Na: CO,, followed by dialysis to remove amino 
acids (16).) For CTP exchange, 0.25 mg of venom-treated yeast 
RNA was used. The reaction was stopped after 20 minutes by 
the addition of 0.20 ml of 7% perchloric acid, 1.5 mg of albumin 
were added as a carrier, and the mixture centrifuged. The super- 
natant was decanted and to it 0.2 umole of ATP, 0.2 umole of CTP, 
10 moles of pyrophosphate, and 0.20 ml of a 30% suspension of 
Norit were added, and the mixture centrifuged. The Norit was 
washed three times with 1% perchloric acid containing 0.001 m 
pyrophosphate. The Norit was then taken up in 2 ml of ethanolic 
NH; and an aliquot dried and counted. When P.“ was substi- 
tuted for P**-pyrophosphate, nonradioactive Pi was substituted 
for pyrophosphate in the assay. 


Additions 
adsorbable form 
mumole 
A. RNA + CTP + Px. pyrophosphate 
1. Complete system...................... 0.65 
˙ bed 0.36 
<0.02 
4. RNase (10 wg) added.................. 0.09 
B. RNA + ATP + P*®-pyrophosphate © 
1. Complete sy sten 0.50 
3. RNase (10 wg) added.................. 0.07 
4. Piu in place of Pu- pyrophosphate 0.08 
5. Pi* in place of P**-pyrophosphate and 


low molecular weight RNA derived from yeast, liver,“ and E. 
coli.“ (E. coli RNA must be treated with venom phosphodies- 
terase before it serves as a substrate.) For CMP incorporation, 
the requirement for RNA is satisfied by RNA from yeast or E. 
coli, both previously treated with the exonuclease. Low molecu- 
lar weight thymus RNA (13) is active as an acceptor of CMP 
but will not accept AMP even after CMP addition (see below). 

2. ATP (or CTP) requirement: Relatively low concentrations 
of ATP or CTP saturate the enzyme. The K, for ATP, as cal- 
culated from a Lineweaver-Burk plot (24), was 2.3 10-5 u. 
The K. for CTP was 8.3 x 10 M. 

There was little effect of CTP addition on AMP incorporation 
when yeast RNA as isolated was used as an acceptor. However, 
after venom phosphodiesterase treatment of the yeast RNA, 
there was a loss of activity as an acceptor of AMP. This loss 
could be partially restored by the addition of CTP. With E. coli 
soluble-RNA, there is a similar effect of CTP addition on AMP 
incorporation after venom treatment of the RNA (8). 

Stoichiometry of Reaction—There is a quantitative relationship 
between the amount of acid-insoluble Ci nucleotide formed with 
CW ATP as the substrate and the acid-soluble radioactive pyro- 
phosphate formed with adenosine-PP#P as the substrate. In a 


* Kindly supplied by Dr. R. Rendi. 
‘ Kindly supplied by Dr. Paul Berg. 
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typical experiment, 0.94 umole of CI CAMP was incorporated, 
and 0.92 umole of pyrophosphate was released as Norit nonad- 
sorbable material. The latter was identified as pyrophosphate 
by chromatography in ethanol acetate buffer (25, 26). 

Reversal of Reaction—The reversability of the reaction wag 
studied with P-labeled pyrophosphate as the labeled substrate, 
and determining the requirements for its conversion into Norit- 
adsorbable material. This material was identified as CTP or 
ATP by chromatographic isolation after elution with ethanolic 
ammonia. As shown in Table IV, maximal conversion of pyro- 
phosphate occurred when RNA, CTP (or ATP), and enzyme were 
present. Without RNA, with added RNase, or with P;* sub- 
stituted for pyrophosphate, virtually no detectable accumulation 
of Norit-adsorbable radioactivity was found. The requirement 
for nucleotide addition was not absolute, suggesting that the end 
of the RNA chain was susceptible to pyrophosphorolysis. 

Effect of Other Nucleoside Triphosphates—The final enzyme 
preparation appeared to be specific for ATP and CTP. ITP, 
CTP, and UTP were without effect on the incorporation of CM 
ATP (or CTP) and no incorporation of UMP or GMP could be 
detected if labeled UTP or CTP were added in place of ATP or 
CTP. 

Nature of Addition of Nucleotides to RN A—Alkaline degrada- 
tion of the product of the reaction indicates that CMP and AMP 
are added at the end of RNA chains that bear an unsubstituted 
3’-hydroxyl group.“ 

After alkaline degradation of yeast RNA labeled with C™ 
AMP, 95% of the radioactivity was recovered as adenosine (Ta- 
ble W. Similar results were obtained with E. coli RNA (8). 
This indicates that a single AMP residue is added to the terminal 
end of the RNA chain. When CICCM was incorporated into 
E. coli RNA, the radioactivity, after alkaline degradation, was 
equally distributed between cytidine and the 2’ ,3’-CMP mixture 
(Table VI). This suggests that CMP is incorporated in a spe- 
cific dinucleotide sequence -pCpC. With yeast RNA, how- 
ever, an unequal distribution of radioactivity from C CMP was 
observed: 81% of the Ci“ was recovered as cytidine, and 19% 
was found as 2’ or 3-CM (Table V. 

Support for the trinucleotide sequence -pCpCpA in E. coh 
RNA was obtained by determining the effect of AMP incorpora- 
tion on the distribution of C from CMP after alkaline degrada- 
tion. As summarized in Table VI, after incubation with CM 
CTP alone, 51% of the radioactivity was found in cytidine and 
49% in CMP. However, if ATP was also present in the reac- 

5 Degradation of RNA with alkali leads to the release of the 
terminal nucleotide of the RNA as the nucleoside. In addition, 
if P**-labeled nucleotides are incorporated, the distribution of P® 
serves to identify the nucleotide unit adjacent to the P*?-labeled 
nucleotide incorporated. For example: 


fon 


AMP, GMP, UMP, CMP, and adenosine 
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tion mixture, 93% of the radioactivity was recovered as CMP 
and only 7% as cytidine. Incorporation of AMP, therefore, 
jeads to the disappearance of the terminal cytidylate residue (iso- 
lated as cytidine) and the simultaneous appearance of a new 
internal CMP residue. 

Additional evidence in agreement with the -pCpCpA sequence 
in the soluble-RNA was obtained from experiments with P®- 
labeled ATP and CTP (Table VII). The P introduced into 
RNA with AMP or CMP was isolated, after alkaline degradation, 
primarily as 2’- or 3’-CMP. These results are consistent with a 
terminal trinucleotide sequence -pCpCpA. It should also be 
noted that with E. coli RNA as acceptor, there was a significant 
incorporation of CMP adjacent to AMP, in addition to the ex- 
pected incorporation next to CMP. 


DISCUSSION 


The purified enzyme preparation catalyzes the incorporation of 
both AMP and CMP into an acid-insoluble product. The fol- 
lowing evidence indicates that the nucleotides are added to pre- 
existing RNA chains as terminal and near terminal phospho- 
diester linkages: (a) the reaction is dependent upon the addition 
of RNA and RNase (but not DNase) prevents the formation or 
accumulation of product. (b) RNA behaves as a stoichiometric 
acceptor; the addition of more RNA after the reaction has 
stopped results in further reaction, whereas additional nucleotide 
or enzyme is without effect. (c) Whether ATP or CTP, or both, 
can be converted into an acid-insoluble form is governed by the 
typeof RNA added. With the venom phosphodiesterase-treated 
Z. coli RNA preparation, 50% of CiC CMP was incorporated 
terminally in the absence of ATP. In the presence of ATP 7% 


TABLE V 


Labeled nucleotide or nucleoside produced after alkaline hydrolysis 
of product formed with yeast RNA as acceptor 


The additions were as described in Table II except that the com- 
ponents were increased 10-fold, C.- CTP (specific activity 1.56 X 
10° c.p.m. per ymole) was used, and the reaction was allowed to 
proceed for 60 minutes. After precipitation with 7% perchloric 
acid, the precipitate was washed five times with 1% perchloric 
acid and dissolved in 1 ml of 1 n NaOH. The tubes were then 
incubated for 16 hours at 37°, acidified with HCl, and adsorbed to 
Norit. This was washed two times by centrifugation with 2 ml 
aliquots of water and the nucleotides eluted with successive 2 ml 
aliquots of ethanolic ammonia (1 part HO, 1 part 95% ethanol, 
and 0.08 part concentrated NH,OH) until no more radioactivity 
could be eluted. Approximately 75% of the radioactivity ini- 
tially present was recovered after this procedure. No correction 
for the 25% loss has been made here as well as on Tables VI and 
VII. The combined eluates, totaling 6 to 8 ml, were concen- 
trated by evaporation, nonradioactive adenosine or cytidine was 
added and separated by paper electrophoresis in 0.05 u formate 
buffer (pH 3.5). The appropriate areas were identified by ultra- 
violet light, cut out and eluted with water onto planchets, dried, 
and counted. A total of 95% of the radioactivity added to the 
paper was recovered. 


Distribution of radioactivity 
Substrate Amount incorporated 
AMP | | CMP 
mumoles % % % % 
C“ATP...... 3.0 (2404 c.p.m.) 5 95 
6.2 (9640 c. p. m.) 19 


J. J. Furth, J. Hurwitz, R. Krug, and M. Alexander 
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TaBLe VI 
Labeled nucleotide or nucleoside produced after alkaline hydrolysis 
of product formed with Escherichia coli RNA as acceptor 

The reaction mixture (1.0 ml) contained 8 mu MgCl, 50 mu 
Tris buffer (pH 8.4), 2 mm mercaptoethanol, 0.19 mg of venom- 
treated E. coli RNA, 8.75 ug of enzyme protein (DEAE-cellulose 
eluates), and 0.075 mu CTP-C" (specific activity 5.6 X 10° e. p. m. 
per umole). After 30 minutes, 0.5 ml was removed to a separate 
tube and to it 100 mamoles of ATP (nonradioactive) were added. 
Both tubes were incubated for another 30 minutes. The reaction 
was then stopped with 7% perchloric acid and the contents treated 
as described in Table V. 


Distribution of 
radioactivity 
Substrate Amount incorporated 
| 
mmoles % % 
3.4 (19,100 e. p. m.) 51 | 49 
CTP + ATP........ 3.9 (22,050 e. p. m.) 7 93 


TaBLe VII 
Distribution of Pu after alkaline degradation of product 
The conditions were as described in Table V except that nu- 
cleotides labeled as indicated were used. In the experiment with 
E. coli RNA 0.38 mg was added. The specific activities of the 
ATP and CTP were 1.72 X 10% c.p.m. per umole and 1.52 X 10 
e. p. m. per umole, respectively. 


Substrates Distribution of radioactivity 
Nucleoside Accepter nucleic Amount AMP | CMP | UMP | GMP 
mymoles 7 7 
Adenosine- Least RNA 2.3 (3966 290 8 | <i 
Papp c. p. m.) 
Cytidine- Yeast RNA, 3.9 (5880 8 77 9 6 
PapP venom e. p. m.) 
treated 
Cytidine- E. coli RNA, | 2.6 (3975 21 | 6 | 8 6 
Papp venom e. p. m.) 
treated 


of the Ci CM is found terminally. (d) Products prepared with 
CW AMP yield C**-adenosine almost quantitatively after alkaline 
degradation. (e) Incorporation of P. labeled AMP followed 
by alkaline hydrolysis results in transfer of the radioactivity to 
2’ ,3’-CMP; label incorporated with CMP is recovered as 2’ ,3’- 
CMP and, to a lesser extent, as AMP. 

These observations are in agreement with the results obtained 
by Preiss et al. (8). Their partially purified E. coli enzyme also 
catalyzes the incorporation of only AMP or CMP into terminal 
positions of RNA. Although it is conceivable that some factor 
has been removed during the course of purification, all attempts 
to incorporate UMP and GMP with the purified enzyme fraction 
have been unsuccessful. These experiments included incuba- 
tion with DNA, and the addition of part or all of the factors re- 
quired for the DNA-dependent RNA polymerase (27). RNA 
polymerase activity is not detectable with the purified RNA- 
AMP (CMP) pyrophosphorylase preparations. 

* The authors are indebted to these authors, who kindly per- 
mitted us to read their manuscript before publication. 
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Many RNA preparations were tested for their ability to accept 
AMP and CMP. Active RNA preparations were obtained from 
liver, veast, and E. coli. These have been shown to be of low 
molecular weight and, under suitable conditions, are active as 
acceptors of amino acids’ (8, 16). 

In some cases the low molecular weight RNA is active as an 
acceptor of CMP or AMP as isolated, but in other cases, the 
RNA must be treated with venom phosphodiesterase before it 
will accept these nucleotides. It is possible that the former type 
of RNA arises as a result of partial degradation by exonucleases 
during the course of its isolation. It may be, however, that low 
molecular weight RNA exists in nature with terminal ends such 
as -pX, -pXpC, -pXpCpC, and -pXpCpCpA. 

The enzyme under investigation is similar in certain respects to 
the enzyme isolated from calf thymus which catalyzes the termi- 
nal incorporation of CMP into low molecular weight RNA (13). 
With the thymus enzyme, venom phosphodiesterase-treated E. 
coli or yeast RNA, as well as calf thymus RNA, serve as sub- 
strates for the incorporation of CMP, and thymus RNA will 
serve as a substrate for the E. coli enzyme. However, although 
the thymus system (thymus RNA and thymus enzyme) results 
largely in -pXpCpC ended RNA (13), the thymus RNA will not 
accept AMP when incubated with the enzyme from E. coli; 
similarly, the thymus enzyme does not catalyze the incorpora- 
tion of AMP into either yeast or E. coli RNA. Why the thymus 
system should be limited to CMP incorporation is not clear. 


SUMMARY 
An enzyme system that catalyzes the reaction: 
ATP + RNA = RNA-AMP + PP 


in which ATP is adenosine triphosphate, has been purified about 
100-fold from extracts of Escherichia coli. The enzyme prepara- 
tion also catalyzes the incorporation of cytidine phosphate 
(CMP) into ribonucleic acid (RNA). Over the entire range of 
purification, the ratio of adenosine phosphate (AMP) to CMP 
incorporation is constant and with partial heat inactivation both 
activities are reduced in a similar manner. The requirements for 
both AMP and CMP incorporation are RNA, magnesium chlo- 
ride, mercaptoethanol, and enzyme. The fixation of either nu- 
cleotide can be abolished by the addition of as little as 0.1 ug of 
ribonuclease. Deoxyribonuclease (5 ug) is without effect. The 
incorporated AMP is terminal and transfer experiments indicate 


7 R. Rendi, personal communication. 


RNA-Adenylate (Cytidylate) Pyrophosphorylase 


Vol. 236, No. 12 


that both AMP and CMP are predominantly added adjacent to 
CMP. These results are in accord with the terminal trinucleo. 
tide of amino acid-acceptor RNA being -pCpCpA. The other 
product of the reaction has been identified as pyrophosphate. 
The reaction has been shown to be reversible. 
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Recent theories have linked mechanisms of bone resorption 
and the maintenance of normal levels of calcium in the circulat- 
ing fluids to citrate and its metabolism (1-3). However, these 
have been based on indirect evidence, some of which has been 
challenged by recent work from this (4, 5) and other (6-9) lab- 
oratories. It seemed desirable, therefore, to examine the prob- 
lem further by measuring in vitro the rates of production and 
oxidation of citrate by intact bone cells and their relation to 
bone resorption, as induced by parathyroid hormone (10), and 
bone accretion, induced in mice by estradiol (11, 12). Further- 
more, such a study promised to add to general knowledge of the 
patterns of bone cell metabolism in view of the key position of 
citrate in the tricarboxylic acid cycle. 

The experiments reported here were designed to provide some 
answers to three main questions. First, at what rates is bone 
able to produce and oxidize citrate? Second, what direct effect, 
if any, do parathyroid hormone and estrogen treatment have on 
the metabolism of citrate in bone cells? Third, can the steady- 
state concentrations of calcium and phosphate in the incubation 
media surrounding living bone samples be correlated with citrate 
metabolism ? 

It has been possible to show that intact bone cells incubated 
with high concentrations of citrate are capable of oxidizing more 
citrate than they can produce when incubated with high concen- 
trations of pyruvate and oxaloacetate. Both parathormone and 
estradiol modify this pattern of citrate metabolism, but in dif- 
ferent ways. However, it has not been possible to show any 
correlation of these effects with the concentration of calcium in 
the incubation media surrounding surviving bone fragments 
under steady-state conditions. 


EXPERIMENTAL PROCEDURE 


Preparation of Animals and Tissue—Metaphyseal bone from 
adult male white Swiss mice, 7 to 9 weeks old, prepared in the 
manner previously reported (4), was used for all experiments. 

Some groups of mice received a total of 2 mg of estradiol ben- 
wate in sesame oil subcutaneously in divided doses every other 
day for 1 week before they were killed; controls were treated on 
the same schedule with equivalent amounts of oil (0.6 ml total). 


Supported by Grant No. A-854 (C4) from the Institute of 
Arthritis and Metabolic Diseases, National Institutes of Health, 
United States Public Health Service. 

CRB Graduate Fellow 1959-1961 of the Belgian American 
Educational Foundation, Millard-Shaler Fellow; Aspirant du 
Fonds National Belge de la Recherche Scientifique. 

$ Markle Scholar in Medical Science. 


Other groups received a total of 45 USP units of parathyroid 
extract' in 3 equal, daily, subcutaneous doses, their controls 
receiving an equal volume of distilled water. The last dose of 
hormone was given 18 hours before death. Other mice received 
50 USP units of parathyroid extract at either 18, 6, or 3 hours 
before death. Experimental groups were always compared to 
control groups of equal size examined under identical conditions 
on the same day to minimize effects of extraneous variations. 
In some experiments, heat was used as a means of destroying 
cellular activity in some bone samples. The used 
was as follows: Krebs-Ringer-bicarbonate buffer in 2.5 ml ali- 
quots was brought to the boiling point and removed from the 
heat source. The bone samples were immediately submerged 
in the hot fluid for 3 minutes and then transferred into fresh 
cold media for subsequent incubation. The failure of bone 
samples thus treated either to utilize glucose or produce lactate 
was taken as evidence that the cells were inactivated (13). 
Incubation—The samples were incubated for 2 hours (unless 
otherwise indicated) in a Dubnoff incubator at a temperature of 
37° with continuous shaking. Each flask contained 2.5 ml of 
calcium-free Krebs-Ringer-bicarbonate medium buffered at pH 


7.4 and was incubated in an atmosphere of air containing 5% 


CO:. Approximately 100 mg wet weight of bone was used in 
each flask, representing the pooled metaphyses of two mice. 

The substrates used were either sodium pyruvate and oxalo- 
acetate, 5 mM each, or citrate, 1.5 mu. Fluoroacetate (2.5 mm), 
an inhibitor of aconitase (14), was used in some experiments 
(specified in text or legends) to block further metabolism of the 
citrate formed. Similarly, 3 mm sodium arsenite was added to 
the flasks in most studies of citrate oxidation to inhibit a-keto- 
glutarate dehydrogenase and provide maximal accumulation of 
a-ketoglutarate (15). 

Analysis At the end of each incubation, a 2 ml aliquot of 
medium was immediately transferred from each flask into 1 ml 
of a 20% solution of trichloroacetic acid to precipitate the pro- 
tein. After centrifugation, samples were taken for the various 
determinations. Citrate was measured by the method of Natel- 
son, Pincus, and Lugovoy (16), lactate, by a modification of 
Barker and Summerson’s technique (17), phosphate by the 
method of Fiske and SubbaRow (18), and calcium by the EDTA- 
calcium-chelating method with murexide as an indicator. 
Total a-keto acids were determined by a modification of the 
procedure of Robins et al. (19). Determinations of citrate up- 


1 Kindly supplied by Dr. Otto K. Behrens of Eli Lilly and Com- 


pany. 
20. A. Iseri and P. L. Munson, personal communication. 
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TABLE I 
Citrate production and oxidation by normal bone 

Values are expressed as micromoles per mg of cell N per hour. 
Differences between ‘‘inactive’’ and viable samples are significant 
(p < 0.001) in all cases. The increment in citrate accumulation 
seen when 2.5 mu or more fluoroacetate was added to viable 
samples was also significant (p < 0.001). No inhibitor of a-keto 
acid oxidation was used in the experiments dealing with citrate 
oxidation. 


Citrate production 1 Keto acid 
— — 
Citrate uptake 
Mean No. S. D.“ Mean No.] S. D. Mean No S. D. 
Inactive samples 0. 0197 400. 0039 0. 340.054 0.023 160.014 
Viable samples 
with substrate — 510.0045 0. 374 370. 100 0. 173 160.027 
Viable samples 
with substrate 
and fluoroace- 
tate 0.0431 21 0088) 
* Standard deviation. 


take were done in duplicate. In a total of 55 duplicate analyses, 
the mean difference between duplicates was 2.31% with a stand- 
ard deviation of the mean of 2.06%. 

Citrate content of bone was determined on a trichloroacetic 
acid extract of dry, powdered samples (20, 21) and has been 
expressed as micromoles per 100 mg of dry bone powder. 

Metabolic activity has been expressed on the basis of cell 
nitrogen content as in previous studies (4, 5) with a factor of 
1.015 mg of cell N per 100 mg of wet bone for normal and para- 
thyroid-treated animals and 0.860 mg of cell N/100 mg of wet 
bone for estradiol-treated animals for the calculation of the cell 
nitrogen content of the bone samples.“ Standard deviations 
(S.D.) of the mean were calculated by the formula: 


SD. = 
n —1 


The significance of the differences between means was esti- 
mated by Students' t test. 


RESULTS 
Citrate Metabolism in Bone from Normal Animals—Bone 
mineral has a high affinity for citrate ion (25, 26), and its citrate 
content is appreciable (20). Therefore, the fraction of the 
change in citrate content of media during incubation of living 
bone samples, which was the result of uptake or release of citrate 
from the mineral phase of the samples, had to be determined 


The difference between cell nitrogen content of normal and 
estradiol-treated animals was significant at p < 0.001. A similar 
decrease (—18%) in the DNA content of estradiol-treated bone 
was observed. The DNA content of normal bone was 0.608 + 
0.050 mg/100 mg of fresh bone whereas it was only 0.498 + 0.048 
for estradiol-treated bone (p C 0.01). Parathyroid-treated bone 
contained normal amounts of DNA (0.571 + 0.122 mg/100 mg). 
It is of interest to note that the RNA to DNA ratio was increased 
35% in estradiol-treated bone compared to normal (0.69 + 0.15 
versus 0.51 + 0.12, p < 0.05). An increase in that ratio has been 
linked to an increased protein synthesis (22, 23). DNA and RNA 
were measured according to the methods of Schneider (24). 
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Fic. 1. Mean cumulative citrate uptake and a-keto acid produe- 
tion with time. Viable and heat-inactivated samples were ineu- 
bated with 1.5 mu citric acid in bicarbonate buffer at pH 7.4. 
Each point is the mean of four determinations. Subtraction of 
the mean of the values obtained for the heat-inactivated samples 
from the mean of those of the viable samples furnished the net 
metabolic citrate uptake or a-keto acid production. Standard 
deviations of the mean values in these experiments have not been 
plotted for clarity in the graph. They were of similar magnitude 
to those indicated for comparable shorter experiments in the text 
and tables (uM = micromoles). 


before rates of production and oxidation by the bone cells could 
be calculated. 

The rate at which citrate was taken up by or released from the 
bone mineral under the conditions of our experiments was meas 
ured by incubating bone samples in which cellular activity had 
been destroyed by heat or in which substrate was omitted from 
the medium and comparing the results obtained with tho 
found, with viable samples incubated in the presence of adequate 
substrate. The results of these experiments are shown in Table 
I and Fig. 1. 

The rates at which citrate was released from heated bone 
samples and from viable bone from normal, parathyroid-treated, 
and estrogen-treated animals, incubated without substrate, 
proved not to differ significantly one from another. It was 
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Fic. 2. Mean cumulative cellular citrate and lactate production with time. The samples were incubated with 5 mu sodium pyruvate 
and oxaloacetate in bicarbonate buffer, pH 7.4. Each point is the mean of four measurements. Standard deviations of the mean 
values in these experiments have not been plotted for clarity inthe graph. They were of similar magnitude to those indicated for com- 


parable shorter experiments in the text and tables. 


therefore possible to calculate a mean rate of citrate release for 
all “inactive” bone samples, whether inactive because cellular 
activity had been destroyed by heat or because adequate meta- 
bolic substrate was absent from the incubation medium (for 
the purpose of this discussion, the term “inactive” has been 
used to designate both heat-inactivated samples and viable 
samples incubated without substrate, since the similarity in the 
citrate metabolism of the two suggests that cellular metabolism 
of citrate was not active in either), and compare this with rates 
obtained in viable samples incubated with adequate substrate. 
As can be seen, viable samples with adequate substrate produced 
substantially more citrate than samples in which cellular citrate 
metabolism was not active. When fluoroacetate was added to 
prevent further oxidation of citrate, citrate accumulation in- 
creased 27 0%.“ If the rate of citrate release for inactive samples 
is subtracted from the rate of release from viable samples in- 
cubated with fluoroacetate, the rate of citrate production by 
normal bone cell metabolism can be calculated. The value so 
obtained was 0.023 umole per mg of cell N per hour with a 
standard deviation of 0.010. 

Net rates of citrate oxidation were estimated in a similar 
fashion, both from the rates of citrate disappearance from the 
medium and from the appearance of a-keto acids (Table I and 
Fig. 1). The rates obtained by these two methods were 0.169 
umole per mg of cell N per hour (S.D., 0.11) and 0.150 mole 
per mg of cell N per hour (S.D., 0.03), respectively. 

Substrate requirements for the metabolic production of citrate 
by bone cells were explored in a number of preliminary experi- 
ments. No production of citrate could be demonstrated from 
either 10 mm pyruvate or 5 mM acetate unless oxaloacetate was 
also present as a substrate. The concentration of oxaloacetate 


‘ Fluoroacetate concentrations of 5 m or 10 mm were not more 
eflective than 2.5 mu; 1 mm fluoroacetic acid increased the total 
citrate release in the medium by only 11% and 0.5 m fluoroacetic 
acid was ineffective. 


used did not appear critical, the same rate of citrate production 
being observed at final oxaloacetate concentrations of 1.25, 2.50, 
and 5.00 mm. Some citrate was produced from 5 mu oxaloace- 
tate alone, but the rate, even in the presence of fluoroacetate, 
was only one-half that observed in the complete system. In the 
presence of oxaloacetate, the rate of citrate production was 
similar when 10 mu pyruvate, 5 mu acetate, or 11 mu glucose 
were also present. 

As can be seen in Figs. 1 and 2, the oxidation of citrate and its 
production from pyruvate and oxaloacetate (5 mu each) pro- 
ceeded at a fairly uniform rate for as long as 6 hours, the rates 
appearing slightly more rapid in the first 2 hours. Measure- 
ments of lactate formation from pyruvate and oxaloacetate 
carried out for comparison in the same experiments showed that 
100 times as much lactate was produced as citrate from these 
substrates. 

In addition to the experiments in which the rate of citrate 
oxidation was measured (Table I), the effect of arsenite on the 
rate of a-keto acid formation from substrate concentrations of 
citrate in the medium was examined. The results of these ex- 
periments suggested much of the a-ketoglutarate formed from 
citrate is further metabolized by bone cells. In 2-hour incuba- 
tions, 0.30 mm arsenite increased a-keto acid accumulation 38% 
(p < 0.001) and a maximum of 57% increase (p < 0.001) was 
obtained with 3.0 mm, although the same amount of citrate was 
oxidized by the bone cells in all of these experiments. In con- 
trast to arsenite, 10 mm malonate caused a 2-fold increase in 
citrate disappearance (p < 0.01) and a 37% decrease in a-keto 
acid accumulation (v C 0.001). 

Effects of Parathyroid Hormone on Citrate Metabolism—The 
effect of parathyroid hormone treatment on the citrate content 
of bone was first investigated. The data obtained are presented 
in Table II. Parathyroid hormone given over 3 days before the 
animals were killed increased dry bone citrate content 19% 
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TABLE II 
Citrate content of bone from normal, parathormone treated, and 
estradiol-treated mice 
Values are expressed as micromoles per 100 mg of dry bone 
powder. Differences in citrate content were significant at p < 
0.05 for the parathyroid-treated and at p < 0.001 for the estradiol- 
treated bones. 


Citrate content 
Treatment 
Mean 
E 1.068 0.108 5 
Parat hyroid- treated 1.269 0.144 6 
Z 1.203 0.068 5 
Estradiol-treated.......... 1.626 0.160 | 6 


* Standard deviation. 


(p < 0.05), thus confirming a previous observation on a single 
animal (20). 

The influence of parathyroid hormone on the cellular metabolic 
citrate production from pyruvate and oxaloacetate under a 
variety of conditions is shown in Table III.“ Parathyroid hor- 
mone (45 units over 3 days) increased citrate production 66% 
( < 0.001). A similar increase was obtained with the bones 
of parathyroid-treated animals when acetate was substituted for 
pyruvate (v < 0.001). Apparently, this effect was due to an 
increase in production rather than a decrease in oxidation rate, 
since fluoroacetate added to both control and experimental sys- 
tems did not diminish this effect. A similar stimulation of 
citrate production was observed when a single dose of hormone 
(50 units) was given 18 hours before death (40% increase v < 
0.02). With shorter intervals of 6 or 3 hours, the smaller in- 


5 All values for citrate production and oxidation in Tables III 
and IV have been corrected for citrate release or uptake by the 
mineral phase, and thus reflect the citrate metabolism of the bone 
cells. As was pointed out above, and is evident from the data in 
these tables, variation in the activity of samples from day to day 
required that, under each set of experimental conditions, compari- 
son be made to controls run simultaneously. A suitable correction 
factor for the uptake or release of citrate by the mineral phase of 
the bone samples was calculated for each set of experiments, to 
take account of day to day variations. The corrections used were 
calculated as follows. The fraction (%) of the total citrate 
taken up or released by viable samples incubated in the presence 
of adequate substrate which could be attributed to the mineral 
phase was first calculated for each group from the data in Table I 
in which viable samples and inactivated samples were compared. 
It was then assumed that a similar fraction of the citrate taken up 
or released by viable control samples incubated with adequate 
substrate under similar conditions but on other days was due to 
the mineral phase. On this assumption, it was possible to calcu- 
late the amount of citrate produced or oxidized by the bone cells 
in the control samples for each experiment and the amount of 
citrate taken up by or released from the mineral phase of these 
samples. Since it had been shown that neither the uptake nor 
the release of citrate from the bone mineral was affected by prior 
treatment of the animals with hormones, it was possible to sub- 
tract the mean amount of citrate taken up or released by the min- 
eral phase of the control samples from the mean of the citrate 
taken up or released by the experimental samples in each experi- 
ment and thus to estimate the production or oxidation of citrate 
by the bone cells under different experimental conditions. When 
experiments were performed with fluoroacetate, factors were 
determined for this special situation. 
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creases in citrate production (16 and 12%) were no longer sig. 


nificant and purified parathyroid hormone® added in vitro (14 


to 2.4 units per ml) was without effect. 

The rate of citrate oxidation by bone from parathyroid hor. 
mone-treated animals was measured in two sets of experiments 
as shown in Table IV. In neither case was the uptake of citrate 
changed by the hormone. a-Keto acid production was not 
affected by hormone given 18 hours before death, but after 3 days 
of hormone treatment a 15% (p < 0.01) reduction in a-kety 
acid accumulation in the presence of arsenite was found. 

Effect of Estradiol on Citrate Metabolism—The citrate content 
of dry bone was increased 35% (p < 0.001) after estradiol treat. 
ment. In addition, the rate of citrate production from pyruvate 
and oxaloacetate in vitro was increased 63% (p < 0.001). The 
addition of fluoroacetate did not significantly seem to enhance 
this effect. However, when the oxidation of citrate was studied, 
a striking difference between the effects of estradiol and para. 
thyroid treatment became apparent. As can be seen from Table 
IV, bones from estradiol-treated animals had a 48% higher 
citrate uptake (p < 0.01) and 25% greater a-keto acid produ. 
tion (p < 0.001) than controls. No effect of estradiol added in 
vitro (0.4 or 3 wg per ml) could be found on citrate oxidation in 
several experiments including one in which the period of incuba. 
tion was extended to 6 hours. Prior estradiol treatment ap. 
peared, thus, to stimulate both citrate production and oxidation, 
whereas the influence of parathyroid hormone seemed restricted 
to citrate production. 

Calcium and Phosphate Metabolism as Related to Citrate Pro- 
duction and Oxidation In view of the interest in the relation of 
citrate metabolism to the distribution of Ca and P between bone 
and circulating fluids, the influence of the various experimental 
conditions studied on the steady-state distribution of Ca and P 
between the bone samples and their surrounding media was 
examined in a number of experiments. The validity of the sys- 
tem employed has been discussed in detail elsewhere (13). In 
brief, preliminary experiments indicated that when metaphyseal 
bone samples are incubated in Ca-free, low P, Krebs-Ringer 
media buffered at pH 7.4 with bicarbonate ion and CO:, Ca and 
P accumulate rapidly in the media in the first two hours of in- 
cubation. However, after 4 to 6 hours, the concentrations of 
both ions reach a plateau suggesting that a steady-state distribu- 
tion between the bone sample and its surrounding medium has 
been achieved. These findings have been confirmed in media 
containing either pyruvate and oxaloacetate or citrate as sub- 
strate. In this system, the concentrations of these ions main- 
tained by heat-inactivated samples can be considered to be 
representative of the solubility of the bone mineral phase, 
whereas the small but significant difference between these and 
the slightly higher concentrations maintained by viable samples 
incubated with adequate substrate may be related to the pres- 
ence of bone cell metabolism. 

The results of some typical experiments are summarized in 
Table V. Bone samples inactivated by heat and incubated with 
citrate maintained lower Ca and P concentrations under steady- 
state conditions than their viable controls. Fresh bone samples 


from parathyroid-treated animals (45 units over 3 days) main- 


tained a higher Ca concentration and Ca XP product than did 
samples from normal animals whether the substrate present in 
the medium was pyruvate and oxaloacetate or citrate. Estradiol 


¢ Kindly donated by Dr. P. Munson, of the Harvard School of 
Dental Medicine. . 
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III 
Citrate production by bone cells: parathyroid hormone and estradiol effects 
Values are expressed as micromoles per hour per mg of cell nitrogen. Substrates were sodium pyruvate and oxaloacetate, both in 


5 m concentrations. Sodium acetate was substituted for sodium pyruvate at the same concentration in Experiment 3. Fluoroacetic 
acid was present at a 2.5 mm concentration in Experiments 2, 5, and 9. The statistical significances of the differences between control 


and experimental groups are indicated in the last column (p). 


Control Experimental 
Experimental group 
Mean S. D.“ Mean S. D. 
Parathyroid hormone 

1. Dosage, 45 units over 3 days........................ 9 0.0131 0.0014 0.0218 0.0049 <0.001 
2. Dosage, 45 units over 3 days with 2.5 mm fluoroacetic 

md 6 0.0217 | 0.0023 0.0342 0.0029 <0.001 
3. Dosage, 45 units over 3 days from acetate........... 6 0.0144 | 0.0023 | 0.0239 | 0.0026 0.001 
4. Dosage, 50 units 18 hours before death. ............. 10 0.0150 | 0.0014 0.0210 | 0.0067 <0.02 
5. Dosage, 50 units 6 hours before death with 2.5 mm j 

c ͤ ˖»%%»A ² ˙WVVM 6 0.0242 | 0.0035 0.0280 0.0023 C0. 10, 0.05 
6. Dosage, 50 units 3 hours before death 6 0.0132 | 0.0020 | 0.0157 0.0055 N. S. 
7. Dosage, 1.6 to 2.4 units per ml, in vitro 6 0.0145 | 0.0023 | 0.0127 0.0060 N.S. 

radiol 
8. Dosage, 2 mg over 8 days......................2005. 12 0.0155 | 0.0019 {| 0.0252 | 0.0077 <0.001 
9. Dosage, 2 mg over 8 days with 2.5 mu fluoroacetic acid . 6 0.0198 0.0022 0.0308 0.0063 <0.01 
* Standard deviation. 
t Not significant. 
TABLE IV 


Citrate oxidation by bone cells: parathyroid hormone and estradiol effects 
Values are expressed as micromoles per hour per mg of cell nitrogen + one standard deviation. Sodium arsenite was added in most 
experiments to a final concentration of 3mm. It was omitted in Experiments 4 and 5. The increased citrate uptake and a-keto acid 
production observed in group 3 were statistically significant, with p values of <0.01 and <0.001, respectively. The decreased a-keto 
acid production observed in group 2 was significant (p < 0.01). Other differences were not significant. 


Citrate oxidation a-Keto acid production 
Experimental group ge bo Control Experimental Control Experimental 
Mean S. D.“ Mean S. D. Mean S. D. Mean S. D. 
Parathyroid hormone 
1. Dosage, 50 units 18 hours before 
6 0.121 0.029 0.129 0.051 0.191 0.021 0.211 0.022 
2. Dosage, 45 units over 3 days........ 12 0.161 0.032 | 0.149 | 0.080 | 0.225 | 0.025 | 0.192 | 0.022 
Estradiol 
3. Dosage, 2 mg over 8 days........... 18 0.162 0.043 0.240 0.102 0.191 0.016 0.239 0.016 
4. Dosage, 0.4 wg per ml in vitro (no 
D A 6 0.117 0.011 0.142 | 0.055 | 0.185 | 0.021 0.195 0.038 
5. Dosage, 3 wg per ml in vitro (no 
̃ ˙ 6 0.186 0.045 0.215 0.129 0.183 0.010 0.177 0.024 
6. Dosage, 3 wg per ml, in vitro 6 0.117 0.016 0.146 0.036 0.187 0.016 0.194 0.038 
* Standard deviation. 


treatment, on the other hand, appeared to have no influence on 
the Ca x P product obtained in a medium containing pyruvate, 
oxaloacetate, and fluoroacetate, although a decrease in the final 
phosphate concentration was observed (p < 0.01). Similar 
qualitative differences were observed in experiments in which 
incubations were for 2 hours only. 

Lactate Production from Pyruvate: Parathyroid, and Estradiol- 
treated Bones—No difference in lactate production from pyruvate 
and oxaloacetate was observed between bone from normal and 
bone from parathyroid hormone-treated animals (45 units over 


3 days). Similarly, estradiol treatment (2 mg over 8 days) did 
not affect the rate of transformation of pyruvate into lactate 
(Table VI). 


DISCUSSION 
Under the conditions of these studies, intact cells from mouse 
metaphyseal bone could form only small quantities of citrate 
when they were incubated with high concentrations of pyruvate 
and oxaloacetate. They were able, however, to oxidize larger 
amounts of citrate when they were incubated with high concen- 
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TaBLe V flu 
Calcium-phosphate concentration products cit 
Incubations were for 6 hours with either pyruvate and oxaloacetate, 5 mu, or citric acid, 1.5 mu, as substrate. Calcium and phos. en 
phate concentrations are expressed in millimoles per liter. Calcium and phosphate concentration products (Ca Xx P) are expressed | an 
as percentage of increase (+) or decrease (—) of the products obtained in experimental groups compared to their respective control | th 
groups. rel 
Calcium Phosphate | Ca XP * 
No. of aia pre 
| Control Experimental Control Experimental en 
tions of 
Mean | S.D.* | Mean | S.D p | Mean | S.D. | Mean S. p (3 
In pyruvate + oxaloacetate rel 
(+2.5 mu fluoroacetate) acl 
1. Parathyroid treatment 6 | 0.794 | 0.058 | 0.897 | 0.037 | <0.01 | 1.854 | 0.108 | 1.913 | 0.178 | N.S.t | +15.6 | <0.6 ap 
(45 units over 3 days) pre 
2. Estradiol treatment 6 | 0.969 | 0.091 | 1.031 0.100 N.S. | 1.816 | 0.032 | 1.691 0.080 <0.01;| -0.7 NS. tre 
(2 mg over 8 days) Ca 
In citrate por 
3. Parathyroid treatment | 6 | 0.776 | 0.024 | 0.913 | 0.050 | <0.001; 1.839 | 0.080 | 1.933 | 0.042 | <0.05 | +23.6 Co. 00 J the 
(45 units over 3 days) su 
4. Heat-inactivated 6 | 0.852 | 0.063 | 0.722 | 0.028 | <0.01 | 1.937 | 0.059 | 1.711 | 0.092 | <0.001 — 24.9  <0.01 | py 

* Standard deviation. 

t Not significant. 
TABLE VI basis of Dixon and Perkins’ work (27,32). Parathyroid hormone 
Lactic acid production treatment did not seem to modify the uptake of citrate by the 


metaphyseal bone cells. The possibility that the decreased 
a-keto acid production observed after 3 days of treatment (but 
not after 18 hours) was the result of a decreased production of 


Values are expressed as micromoles per hour per mg of cell N- 
Sodium pyruvate and oxaloacetic acid, 5 mm each, were used as 
substrate. The differences were not statistically significant. 


There were 6 incubations per group. 


some a-keto acid other than a-ketoglutarate could not be ruled 


Treatment Mean 8. D. out in these experiments, since the method used was not specific 

for a-ketoglutarate. 
%% ͤ 1.99 0.24 After estrogen treatment, on the other hand, an increase in 
Parathyroid-treated .............. 1.96 0.29 both production and oxidation rates of citrate occurred. The 
, ultimate fate of the extra carbons which are able thus to pas 
ES iA ee 2.04 0.19 through the first steps of the tricarboxylic acid cycle in bone cells 
Estradiol-treated ................. 2.17 0.16 from mice receiving estradiol is as yet unknown. They could 


* Standard deviation. 


trations of citrate. This last observation is in keeping with the 
recent findings of others who have observed good isocitric de- 
hydrogenase activity in bones of different species (6, 7, 9). 

The pattern of change in citrate production and oxidation 
observed to result from treatment with the two hormones is of 
interest and offers possible explanations for phenomena pre- 
viously observed. As has been noted (5) the differences between 
the metabolic pattern of bone from mice treated with estrogen 
(considered to be a model of bone in an accretive phase) and 
bone from mice treated with parathyroid hormone (used as a 
model of bone resorption) seem to be quantitative rather than 
qualitative changes. Thus, under parathyroid stimulus, a 
stimulation of citrate production without change in oxidation 
rate was found which should lead to an increased release of cit- 
rate from bone as found by Martin et al. (28, 29), or to an in- 


creased recovery of the Ci label from pyruvate or acetate in the 


citrate fraction isolated from bone as found recently by others 
(30, 31). It should be noted that, from the data reported here, 
it would seem this phenomenon seems more likely to be the 
result of changes in citrate production than of blocking isocitric 
dehydrogenase activity as postulated by these authors on the 


find their significance in the increased need of bone in active 
anabolism for available energy for synthetic processes. An 
increased availability for a-ketoglutarate could also be impor- 
tant in the various processes involved in the synthesis of new 
protein, as a-ketoglutarate is a substrate for transaminases 4s 
well as for glutamic dehydrogenase. 

No correlation could be found between changes in cellular 
metabolism of citrate, the citrate concentration in bone or bath- 
ing media and steady-state concentrations of Ca and P found in 
the medium after incubation (Table V). Bones from estradiol- 
treated and parathyroid hormone-treated animals both showed 
an increased content and an increased rate of production of 
citrate; yet, only bones from parathyroid - treated animals 
achieved higher Ca Xx P concentration products in their medium 
than normal bones when they were incubated with pyruvate, 
oxaloacetate, and fluoroacetate (Table V). Also it is noteworthy 


that bones from parathyroid-treated animals achieved higher 
Ca x P concentration products than their living controls while 
these, in turn, maintained higher Ca and P concentrations than 
heat-inactivated samples. This occurred even when the bones 
were incubated in a medium containing a substrate concentration 
of citrate (1.5 mm) far in excess of those achieved by active cellu- 
lar formation of this ion or normally encountered in extracellular 
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fuids. These facts seem difficult to reconcile with the view that cerning bone resorption and bone mineral mobilization have been 
discussed. 


citrate is the metabolic intermediate responsible for the differ- 
ences observed in calcium distribution between bone samples 
and surrounding media in these experiments. If citrate were 
the important factor, no difference in calcium and phosphorus 
release between these various systems would have been expected 
in view of the large excess of citrate present. However, from 
present experiments the mechanisms responsible for these differ- 
ences cannot be determined. The possibility that accumulation 
of other acid metabolites is involved in Ca and P mobilization 
(33) and the parathyroid hormone effect on Ca and P metabolism 
remains. However, the most likely candidate, which was lactic 
acid as suggested in previous communications (4, 5), would not 

to be the acid involved since no stimulation of lactate 
production from pyruvate could be shown to follow parathyroid 
treatment in those experiments in which significant increases in 
Ca mobilization were demonstrated (Table V). Finally, the 
possibility that treatment with parathyroid hormone increases 
the solubility of the mineral phase of the bone which has been 
suggested by other work in this laboratory (13) is consistent with, 
but cannot be proven from, the data at hand. 


SUMMARY 

1. The metabolism of citric acid in surviving intact bone cells 
has been studied in metaphyseal bone from adult male mice. 
Rates of production and oxidation, the relation of citrate metabo- 
lism to the calcium-phosphate concentration products achieved 
in the medium, and the effects of parathyroid hormone and 
estradiol treatment on these variables and bone citrate content 
have been examined. 

2. Bone from normal mice was capable of producing 0.023 
mole of citrate per mg of cell nitrogen per hour from pyruvate 
and oxaloacetate. The production of lactate from these sub- 
strates was about 100-fold that of citrate. The rate of citrate 
oxidation by normal bone cells incubated with high levels of 
citrate (0.169 umole per mg of cell N per hour) was higher than 
their rate of production of citrate. 

3. Parathyroid-hormone treatment (stimulating bone resorp- 
tion) increased citrate production by bone in vitro and the bone 
citrate content in vivo. No effect was found on the rate of cit- 
rate oxidation or the rate of formation of lactate from pyruvate 
and oxaloacetate in vitro. 

4. Estradiol treatment (stimulating bone accretion) caused a 
similar increase in citrate production in vitro and bone citrate 
content in vivo. In contrast to parathyroid hormone, estradiol 
also produced an increase in the rate of citrate oxidation in 
viro. No effect of this hormone on lactate production from 
pyruvate and oxaloacetate was noted. 

5. Calcium-phosphate concentration products in incubation 
media under steady-state conditions were lower with heat-inac- 
tivated bones and higher with bones from parathyroid-treated 
animals than normal controls. Bone from estradiol-treated 
animals achieved Ca X P products which were similar to the 
products achieved by normal controls. No correlation could be 
found between these changes in bone mineral mobilization and 
changes in rates of cellular citrate metabolism or citrate concen- 
tration in bone or medium. Similarly, the rate of lactate produc- 
tion did not seem related to these phenomena. 

6. The relation of these observations to current theories con- 
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Reductase from Escherichia coli* 


Rosert A. LAZzARINIT AND DANIEL E. ATKINSON 


From the Department of Chemistry, University of California, Los Angeles 24, California 


(Received for publication, June 19, 1961) 


Cell-free extracts capable of nitrite reduction have been pre- 
pared from a number of nitrate-assimilating organisms. In 
general, the properties of these extracts suggest that metal- 
loflavoproteins are responsible for the reduction of nitrite at the 
expense of reduced pyridine nucleotides. Thus, the activities 
of the purified extracts of Neurospora (1-4), soybean (1), and 
Azotobacter (5, 6) are stimulated by additions of flavin mono- 
nucleotide or flavin adenine dinucleotide and depressed by 
chelating agents. Recently, Nicholas, Medina, and Jones (4) 
have shown that flavin adenine dinucleotide is the major flavin 
component in preparations of the Neurospora nitrite reductase, 
and that copper and iron are concentrated during the purification 
of the reductase. No stoichiometric product of nitrite reduction 
other than ammonia has been reported, and specific information 
concerning possible obligate intermediates in the reduction is 
lacking. It is interesting to note, however, that Nason, Abra- 
ham, and Averbach (1) and Taniguchi et al. (7) have observed 
the transient accumulation of hydroxylamine during the reduc- 
tion of nitrite by extracts of Neurospora and Bacillus ptimilus, 
respectively. 

Roussos (8) and Roussos and Nason (9) recently described a 
highly purified fraction from soybean, which oxidized reduced 
pyridine nucleotides in the presence of either hydroxylamine or 
nitrite. The two activities did not separate during purification, 
and it was suggested that they may be properties of a single 
protein. Different sites may be involved, however, because it 
was observed that Mn** and Cu“ together inhibited the nitrite 
activity while stimulating hydroxylamine reduction, and that 
some preparations showed appreciable nitrite activity although 
devoid of hydroxylamine reductase. 

This communication describes the purification and partial 
characterization of triphosphopyridine nucleotide: linked nitrite 
reductase from Escherichia coli strain Bn (10, 11). The product 
of the reduction is ammonia. The reductase preparation is 
inactive toward nitrous oxide, hyponitrite, and nitrate, but 
rapidly reduces hydroxylamine. Experiments with NIS labeled 
nitrite indicate, however, that free hydroxylamine is not an 
obligate intermediate in the reduction of nitrite to ammonia. 


EXPERIMENTAL PROCEDURE 


Escherichia coli strain Bn (10, 11) was grown on minimal me- 
dium containing 1% glucose and 0.01 M sodium nitrate as sole 


* Supported in part by United States Public Health Service 
Grant E-1456. 

t Dow Chemical Company Fellow, 1958 to 1959. Present ad- 
dress, McCollum-Pratt Institute, Johns Hopkins University, 
Baltimore, Maryland. 


sources of carbon and nitrogen. The deep standing cultures 
were grown at 37° and harvested in a Sharples centrifuge when 
the culture broth gave a negative test for nitrite (normally 14 
hours after inoculation). 

Nitrite was determined by a modification (5) of the Gries 
method which employs the coupling of diazotized sulfanilamide 
with N-(1-naphthyl)ethylenediamine. When nitrite was to be 
determined in solutions containing reduced pyridine nucleotides, 
the nucleotides were removed by the addition of 0.2 volume of 
1.0 u barium acetate and 5 volumes of ethanol (12), followed by 
centrifugation. Hydroxylamine was determined either by 
oxidation to nitrite with iodine, reduction of excess iodine with 
sodium arsenite, and estimatjon of the nitrite by diazotization 
(13), or by the method of Frear and Burrell (14), which depends 
on the oxidation of 8-hydroxyquinoline by hydroxylamine. 

Protein concentrations above 3 mg per ml were measured by 
the biuret method (15), and those below this value were estimated 
spectrophotometrically (16). 

The estimation of nitrite and hydroxylamine reductase activ- 
ities was based on the rate of oxidation of reduced triphospho- 
pyridine nucleotide, as measured spectrophotometrically in 3 
Beckman model B spectrophotometer. The assay cuvettes 
contained approximately 2 units of the enzyme, 0.5 umole of 
TPNH, and enough 0.04 m pyrophosphate buffer, pH 8.0, to 
bring the total volume to 2.8 ml. The rate of endogenous oxida- 
tion of TPNH was determined over a 2- to 3-minute period 
before the reductase reaction was initiated by the addition of 
either 0.2 ml of 0.02 u sodium nitrite or 0.2 ml of 0.05 1 
hydroxylamine. One unit of either reductase was defined as the 
amount of enzyme producing a rate of oxidation of TPNH (cor- 
rected for endogenous oxidation) of 1.0 umole per hour under the 
conditions described. The molar extinction coefficient of 
TPNH was taken as 6.2 x 10 liters mole em (17). Cyto 
chrome c reductase activity was measured by the method of 
Brodie (18), but the procedure was modified so that TPNH 
rather than DPNH was employed as the reductant. 

The incubation mixtures used in the isotopic nitrogen experi- 
ments contained either 3.2 or 6.4 units of nitrite reductase, 10 
umoles of KNuO, (95.5% Nie), 5 umoles of NH,OH, 1 umole of 
NH“, and either 2.5 umoles of TPNH or a TPNH-generating 
system consisting of 5.5 umoles of glucose 6-phosphate, 0.4 unit 
of glucose 6-phosphate dehydrogenase and 3 umoles of TPN, and 
0.01 M pyrophosphate buffer, pH 8.0, to give a final volume of 


One unit of enzyme catalyzes the reduction of 1.0 smole of 
TPN per minute at pH 7.4 and 25° when saturated with glucose 


6-phosphate. 


3330 


S 


10 
ad 
res 
tio 
0.1 
pk 
am 
on 
thr 
300 
for 
for 
yla 
wit 
KC 
mi} 
fra 
bat 
yla 
elut 
and 
red 
in t 
cell 
ard: 
whe 
con 
wen 
T 
met 
inte 
imn 
min 
tain 
a Ce 
Si 
dete 
Tab 
ator 
dilu 
pres 
nitri 
amo 
exce: 
valu 
M 
TPN 
6-ph 
ribor 
Wor 
the | 
95.5 


Al, 2 


A 
cell 
modi 


December 1961 


10 ml. The reactions were halted after 30 or 45 minutes by 
adding 2 ml of 1 M barium acetate and 10 ml of ethanol. The 
resulting precipitate was immediately removed by centrifuga- 
tion. To the supernatant fluid was added an equal volume of 
0.1 M sodium acetate, pH 4.0, and enough 6 n HCl to bring the 
pH to the range 4.0 to 4.3. The nitrite, hydroxylamine, and 
zmmonia contained in the deproteinated solution were separated 
ona 1 X 3 em Permutit column. After the solution was passed 
through the column, the Permutit was washed with 0.01 m 
sodium acetate, pH 4.0, until the effluent gave a negative test 
for nitrite. The nitrite was not adsorbed and was found in the 
forerun washing and the sodium acetate washing. Hydrox- 
ylamine and ammonia were successively eluted from the column 
with 0.6% NaCl in 0.01 m sodium acetate, pH 6.5, and 1.25% 
KCl in 0.05 m H,SO,, respectively. The eluted ammonia was 
mixed with 10 umoles of carrier, and the volume of the combined 
fraction (approximately 15 ml) was reduced to 3 ml on a steam 
bath. Fractions containing significant amounts of hydrox- 
ylamine were combined and adjusted to pH 2.0 as they were 
eluted. Ten micromoles of carrier hydroxylamine were added, 
and the volume of the solution (approximately 100 ml) was 
reduced to 2 to 4 ml in a rotary evaporator. The hydroxylamine 
in the concentrate was reduced to ammonia in a Conway diffusion 
cell. The outer chamber of the cell contained 500 mg of Dev- 
arda’s alloy, 3 ml of 4 N NaOH, and the hydroxylamine solution; 
whereas the inner well contained 3 ml of 0.05 H,SO,. After the 
contents of the outer well were mixed, reduction and diffusion 
were allowed to proceed for 45 minutes at room temperature. 

The ammonia samples were converted to nitrogen by the 
method of Sprinson and Rittenberg (19). Trace amounts of 
interfering materials were removed from the nitrogen samples by 
immersing the reaction vessel in a liquid nitrogen bath for 5 
minutes before the nitrogen was pumped into the sample con- 
tainer. The Nis content of the resultant gas was measured with 
a Consolidated-Neir model 21 mass spectrometer. 

Since the amounts of both ammonia and hydroxylamine were 
determined before the addition of carrier (results are given in 
Table VII), the degree of dilution by carrier was known. The 
atom per cent excess values for N'* were corrected for this carrier 
dilution, but no other corrections were made. The ammonia 
present at the end of the experiment was derived in part from 
nitrite, in part from hydroxylamine, and in part from the 1 
umole added at the beginning of the experiment. The Nis 
excess figures tabulated in Table VII are actual (uncorrected) 
values for this mixture. 

Materials were obtained from the following sources: DPNH, 
TPN, TPNH, FMN,? FAD, glucose 6-phosphate, and glucose 
6-phosphate dehydrogenase from Sigma Chemical Company; 
nbonuclease and a crude preparation of deoxyribonuclease from 
Worthington Biochemical Corporation; DEAE-cellulose from 
the Brown Company; labeled KNO, (78% KNO, containing 
95.5% Ni) from the Isomet Corporation; Devarc a's alloy (Cu, 
Al, Zn) from J. T. Baker Chemical Company. 


RESULTS 
Purification of Nitrite Reductase 
A typical purification is summarized in Table I. Twenty g of 
cell paste from E. coli strain Bn were frozen and extruded in a 
modified Hughes press which had been prechilled to —15°. The 
The abbreviation used is: FMN, flavin mononucleotide. 
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TABLE I 
Summary of purification of nitrite reductase 
Re- 
Fraction Volume | Activity | Protein 
mi units mg units/mg, % 
Crude extract............. 100 465 4000 0. 116 (100) 
Supernatant fluid from 
R 90 451 2260 0. 97 
First ammonium sulfate 
fraet ion ation 57 4600 627 0.727 99 
Second ammonium sulfate 
fractionation............ 54 334 270 1.24 72 
Precipitation at pH 5..... 52 282 | 133 2.22 61 
DEAE-cellulose eluate... .| (27)*| (102)*| (8.7)*| 11.6 | (22)* 


* Calculated from average values obtained with aliquots of the 
preceding fraction. 


extruded material suspended in 100 ml of 0.04 m phosphate buffer, 
pH 7.4, was incubated at room temperature for 30 minutes with 
2 me each of deoxyribonuclease and ribonuclease. At 10-minute 
intervals during the incubation, the pH of the suspension was 
readjusted to pH 7.5 with 1 M Tris buffer, pH 8.7. Cell debris 
was removed by centrifugation at 5,000 x g for 10 minutes, and 
the turbid supernatant fluid was employed as the crude cell-free 
extract. 

The crude extract was clarified by centrifugation at 144,000 x 
g for 90 minutes, and the supernatant fluid was brought to 0.35 
saturation in ammonium sulfate by slowly adding the appropriate 
volume of a cold saturated ammonium sulfate solution adjusted 
to pH 6.5. After 10 minutes the precipitated protein was 
removed by centrifugation and discarded. The salt concentra- 
tion of the supernatant fluid was adjusted to 0.5 saturation by 
further addition of the saturated ammonium sulfate solution; the 
precipitated protein was collected by centrifugation after 10 
minutes and dissolved in 50 ml of 0.04 M phosphate buffer, pH 
7.4. This solution was again fractionated with ammonium 
sulfate in a similar manner without correcting for the ammonium 
sulfate carried over from the first fractionation. The protein 
precipitated between 0.37 and 0.48 saturation was dissolved in 
50 ml of 0.04 M phosphate buffer, pH 7.4, and dialyzed overnight 
against 10 liters of 5 X 10 M phosphate buffer, pH 7.4, con- 
taining cysteine at 10M. The solution remaining in the dialysis 
sac was adjusted to pH 6.0 with 1.0 M. acetic acid and stored for 
10 minutes at 4°. The resulting suspension was centrifuged, and 
the clear supernatant fluid was adjusted to pH 5.0 with 1.0 u 
acetic acid. After 10 minutes the precipitate was collected by 
centrifugation and dissolved in 40 ml of 0.04 M phosphate buffer, 
pH 7.4. Aliquots of the dissolved precipitate containing 35 to 
50 mg of protein were adsorbed on a DEAE-cellulose column 
(15 Xx 110 mm) previously equilibrated with 0.04 M phosphate 
buffer, pH 7.4. After the adsorption of the protein, the column 
was washed with 80 ml of 0.04 M phosphate buffer, pH 7.4, fol- 
lowed by 80 ml of 0.05 M pyrophosphate buffer, pH 6.5. The 
nitrite reductase was removed from the column either by elution 
with 0.05 pyrophosphate, pH 6.5, containing 0.2 M KCl or by a 
gradient of KCl concentration from 0 to 0.5 M in 0.05 M pyrophos- 
phate, pH 6.5. Four-milliliter fractions were collected in test 
tubes containing 2 ml of 0.05 M pyrophosphate, pH 9.5. 

Usually the purification of the enzyme was conducted in two 
stages; the first included the salt and pH precipitations, whereas 
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Fic. 1. Effect of enzyme concentration on the rate of nitrite 


reduction. Standard assay conditions were employed. 


a ’ T7 Tak | viologen at levels of 1 umole in a total assay volume of 5 ml failed 
1.2 5 + e- to serve as electron donor with nitrite reductase. Nitrate, 
hyponitrite, and nitrous oxide were not reduced. 
a Attempts to Identify Prosthetic Groups—Unlike the reductases 
= .o — from Neurospora, soybean, and Azotobacter, the E. coli enzyme 
x was not stimulated by metal ions or inhibited by dialysis against 
= 0.8 + * metal-chelating agents. Preincubation for 5 minutes with 0.1 
— umole of MnCl, FeSO,, Na:MoQ,, alone or together, 
2 did not affect the rate of nitrite reduction. Furthermore, dialysis 
20.6 — for 15 hours against 10 M cyanide, 10 M 8-hydroxyquinoline, 
O or 10°? M ethylenediaminetetraacetate followed by dialysis 
= oa L against 0.05 m phosphate buffer did not significantly decrease the 
ies * 3 activity of the nitrite reductase. 

The inclusion of 0.02 wmole of FMN or 0.02 umole of FAD in 
0.2 a the standard assay with a purified nitrite reductase (specific 

1 1 1 4 4 | 


O 2 4 6 8 
NITRITE (Mx10*%) 


Fic. 2. Effect of nitrite concentration on the rate of reduction’ 
Standard assay conditions were employed with 0.8 mg of protein 


the second, the chromatographic fractionation, was performed on 
fractional samples of the preparations obtained from the first 
stage. Although the highest specific activity shown in Table I 
is 11.6 units per mg, this procedure has yielded preparations with 
specific activities as high as 20.6 units per mg of protein; this 
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separated form the TPNH enzyme in the ammonium sulfate 
fractionation, was not characterized further. 
Properties of Purified Nitrite Reductase 

Effects of Concentrations of Nitrite, Enzyme, and Hydrogen Ion 
on Rate of Reduction—The rate of TPNH oxidation in the 
presence of excess nitrite and TPNH varies linearly with the 
enzyme concentration (Fig. 1). The variation of the rate of 
TPNH oxidation with nitrite concentration (Fig. 2) follows the 
general form assumed in the Michaelis-Menten treatment, the 
Michaelis constant for nitrite at pH 7.5 being 4 X 10 Mu. The 
effect of pH on the nitrite reductase activity was determined in 
0.05 m pyrophosphate buffers. Although there was no apparent 
sharp pH optimum, the maximal rate was observed between pH 
7.5 and pH 8.5, and the reaction rate fell off sharply on either 
side of this range (Fig. 3). 

Substrate Specificity—Nitrite reductase is specific for TPNH. 
No activity with DPNH was observed under conditions in 
which a rate approximately 1% of that with TPNH would have 
been detectable. Chemically reduced FMN, FAD, or benzyl. 
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represents a 190-fold purification. 0 a 
The crude extracts of E. coli strain Bn exhibit two additional * 

nitrite reductase activities which are not detectable in purified | 

preparations of the TPNH nitrite reductase. One, which can O. 5 4 * 

use reduced benzylviologen or flavin mononucleotide as the 

electron donor, is associated with the particulate fraction that is 

sedimentable by centrifugation at 144,000 x g for 2 hours. —— N 22 

Trypsin digestion of this fraction yielded a solubilized prepara- 6.5 7.5 8.5 9.5 } 

tion which was further purified. The most active of these pH 

preparations had a specific activity 85 times higher than that of as eel 1 

ͤũͤ ͤ 

c-like pigment. The other nitrite-reducing system is specific pyrophosphate at the indicated pH. Each assay mixture con- 

for DPNH as electron donor. This activity, which was readily tained 0.36 mg of protein. I 
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activity, 8.3 units per mg) stimulated the endogenous oxidation 
of TPNH (2.5- and 1.5-fold, respectively) but not the oxidation 
dependent on the addition of nitrite. The increased endogenous 
oxidation was presumably mediated by a diaphorase activity 
which is frequently present in the reductase preparations. The 
use of higher levels of the flavins was precluded by the marked 
elevation of the endogenous activity at these concentrations. 

Attempts to remove a cofactor by repeated precipitation of the 
nitrite reductase with ammonium sulfate solutions adjusted to 
pH values between 6.5 and 2.5 were unsuccessful. Partially 
inactivated preparations could not be reactivated by preincuba- 
tion for 30 minutes with FMN, FAD, pyridoxal phosphate, or 
pyridoxamine phosphate. 

Ultraviolet irradiation of a purified nitrite reductase prepara- 


tion resulted in a rather slow loss of the catalytic activity. In 


these experiments thin layers of the preparation (2.6 mg of 
protein per ml) at 4° were irradiated at a distance of 10 cm with a 
quartz mercury are lamp (Kensington Scientific Corporation, 
model K225). After 45 minutes of irradiation, the enzyme was 
dialyzed overnight against 5 X 10 u phosphate buffer, pH 7.4, 
containing 10 M cysteine. The resulting preparation exhibited 
only 12% of the original activity, but aliquot portions, con- 
taining 0.52 mg of protein each, could not be reactivated by 
incubation for 30 minutes with 100 ug of pyridoxal phosphate, 
pyridoxamine phosphate, FMN, or FAD. 

The absorption spectrum of the most highly purified nitrite 
reductase preparation obtained (specific activity, 20.6 units per 
mg) was also inconclusive with respect to a flavin or pyridoxal 
cofactor. The spectrum exhibited one major peak at 268 my 
with a small shoulder at 283 my. The region between 325 and 
475 ma did not contain any distinguishable peaks but rather a 
slightly elevated constant absorption, which was not significantly 
changed by the addition of TPNH or nitrite. 

Inhibition of Nitrite Reductase—The effects of several inhibitors 
on the enzymic reduction of nitrite are shown in Table II. The 
inhibition by TPN, although not as strong as that of cyanide or 
p-chloromercuribenzoate, is of interest because it may explain 
the observation that the rate of TPNH oxidation under the 
standard assay conditions decreases slowly with time, although 
the added reactants are at levels well above those required to 
saturate the enzyme initially. The inhibition by cyanide, al- 
though very marked, was easily reversed by dialysis. 

Stoichiometry of Nitrite Reduction—The stoichiometry of the 
reaction was determined at various times during the nitrite 
reductase reaction. In order to increase the accuracy with 


TABLE II 
Effect of inhibitors on nitrite reductase 
Assay conditions were as described in text. 


Inhibitor Concentration Inhibition 
* % 
TPN* 6.6 X 10-* 13 
1.3 X 10 35 
2.7 X 10 43 
KCN 6.0 X 10°* 46 
2.0 X 10-5 88 
p-Chloromecuribenzoate 1.0 X 10°* 83 
2 6.6 X 10° 5 
5.0 X 10 62 
KNO, 3.0 ð 10-3 0 
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Taste III 
Stoichiometry of nitrite reduction 

The TPNH concentration was measured spectrophotometri- 
cally, whereas that of nitrite was determined by diazotization 
after precipitation of the proteins and nucleotides. The assay 
mixture contained 3.7 units (0.44 mg of protein) of nitrite reduc- 
tase, 1.45 ymoles of TPNH, 1.0 umole of sodium nitrite, and 25 
umoles of sodium pyrophosphate in 5 ml of water. The endoge- 
nous oxidation of TPNH, as measured in a control reaction mix- 
ture, has been subtracted. 


min pmole pmole 

6 0.157 0.060 2.7 

17.5 0.395 0.120 3.3 

41.0 0.667 0.204 3.3 
TaBie IV 


Ammonia formation during nitrite reduction 

The complete reaction system contained in 1.25 ml of 0.05 u 
pyrophosphate buffer, pH 8.0: TPN*, 0.89 umole; glucose 6-phos- 
phate, 8.9 wmoles; glucose 6-phosphate dehydrogenase, 0.3 unit; 
nitrite reductase, 3.0 units; sodium nitrite, 5.0 smoles. All re- 
action mixtures were allowed to incubate for 43 minutes at 30° 
before the reactions were stopped. Ammonia was separated by 
diffusion in Conway units and determined by nesslerization. 


Reaction mixture NH,. formed 
umole 
ͤ 0. 88-0. 88“ 
Nitrite reductase omitted................. 0.10, 0.177 
0. 18, 0. 207 
Runge of four runs. 
Duplicate runs. 


which nitrite disappearance could be measured, considerably less 
than a saturating level of nitrite was employed. At the times 
shown in Table III, the extent of TPNH oxidation was measured 
spectrophotometrically. A sample of the reaction mixture was 
immediately removed and mixed with barium acetate and ethanol 
to precipitate the pyridine nucleotides and protein. After 
centrifugation of the ethanolic solution, the nitrite concentration 
of the supernatant fluid was determined by diazotization. Ap- 
proximately 3 moles of TPNH were consumed for each mole 
of nitrite (Table III); this indicates that nitrite was reduced to a 
compound at the oxidation level of ammonia. 

That the product of the reduction was, in fact, ammonia was 
shown by the use of reaction mixtures containing a TPNH- 
generating system, nitrite reductase, and nitrite. In a typical 
experiment (Table IV), nitrite reductase was incubated for 43 
minutes with an excess of a TPNH-generating system and 
nitrite. The amount of ammonia produced (0.68 umole more 
than in controls lacking nitrite) corresponded closely to that 
predicted on the basis of the amount of enzyme used (3 units of 
enzyme oxidize 3 umoles of TPNH per hour and thus should 
reduce 1 umole of nitrite to ammonia per hour; 43 minutes is 0.72 
hour). 

Activities Accompanying Nitrite Reductase—Purified prepara- 
tions of the nitrite reductase showed no activity with nitrate, 
hyponitrite, nitrous oxide, glutathione, or lipoic acid when 
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TPNH was employed as the reductant, but did contain three TABLE VII t 
additional activities: a cytochrome c reductase, a hydroxylamine Lack of isotopic equilibration with free hydrozylamine i 
reductase, and a sulfite reductase. The ratios of the cytochrome during reduction of N'*-labeled nitrite 0 
and hydroxylamine activities to the nitrite activity remained The reaction mixtures and procedures used in these experi- 
fairly constant through the purification (Table V). All four ments are described in the text (see Experimental Procedure“). ls 
reductases were specific for TPNH as electron donor. A an e 
DPNH cytochrome c reductase which was present in the protein Nitrite reductase den ne, Hydrorylamine Ammonia n 
precipitated at pH 5.0 was almost completely removed in the — a 
chromatographic step. units min | | stom % excess| | tome | ii 
Although separation of the enzymes mediating the different 3.2 45 1.7 0.34 6.3 4.63 r 
reductions was not effected, the results of several experiments, 3.2 (boiled) 45 3.0 5.4 0.00 3 
summarized in Table VI, suggested that the eytochrome e reduc. 6.4 30 1.3 0.26 6.6 7.09 n 
tion may be catalyzed by a separate enzyme. When a prepara. 6.4 (boiled)* | 30 1.7 —0.07 4.1 0.00 
»The 1 umole of ammonia normally added before incubation : 
Tams V was omitted in this boiled control. : 
Relative activities of nitrite, hydroxylamine, 
* 
— ai wed tion of nitrite reductase was irradiated with ultraviolet light, le 
Relative activitiest ratio of activities of cytochrome c reductase and nitrite reductase 6 
3 Nitrite changed by a factor of approximately 2. Lyophilization of t 
reductase | Cyto =| Non pburified preparation in 0.1 M KCl (0.05 M pyrophosphate, pH 
“NO | “NO= 7.5) resulted in substantial losses (approximately two-thirds) of 1 
penne both nitrite and hydroxylamine reductase activities, whereas the t 
r 0.159 | 7.8 7.2 cytochrome e reductase was completely recovered from the | } 
Supernatant fluid from 144.000 * 0.182 | 6.8 7.7 |yophilized material. 
U Several attempts to demonstrate an accumulation of hy- | 
D 0.825 4.5 5.4 droxylamine during the reduction of nitrite to ammonia yielded | 
Second ammonium sulfate frac- uniformly negative results. Consequently, N’*-labeled nitrite e 
r was employed to determine whether hydroxylamine added at d 
Precipitation at pH 5 ..| 2.16 5.5 5.5 the beginning of the reaction would be labeled during the redue- n 
DEAE-cellulose column eluate. 20.6 2.2 4.0 tion of nitrite (and hydroxylamine) to ammonia. The results, | 3 
' . rized in Table VII, show that the residual hydroxylamine 
* For each reductase, 1 unit of activity corresponds to the — 3 a 
3 : ry small extent, whereas the ammonia recovered t 
1 umole of TPNH per hour under the standard assay the was heavily labeled. The rather 
t Ratios of specific activities for the indicated substrates. recovery of hydroxylamine may be attributed to the nonenzymie | 
reaction between nitrite and hydroxylamine and to the spon- 0 
TaBLE VI taneous decomposition of hydroxylamine at pH values near n 
Effect of ultraviolet irradiation and lyophilization on nitrite, neutrality, as well as to its enzymie reduction. On the basis of | 0 
hydrorylamine, and cytochrome c reductase activities its cochromatography with hydroxylamine in the Permutit 
column, its stability to acid, and its reduction to ammonia with e 
Relative activities Devarda's alloy, the small amount of labeled material in the 80 
Treatment —— hydroxylamine fraction was assumed to be Nis. labeled hy- 1 
NO;- ‘| “NO, droxy lamine. 1 
units DISCUSSION 
Irradiationt The reductase described differs from those previously reported b 
— 1 3 — — - from soybean, Azotobacter, and Neurospora in its high specificity t 
— C 0. 59 3 8 for TPNH as electron donor and also in its lack of response to tl 
sa SN ts aE metal ions or flavins. The rather strong inhibition by cyanide is ir 
Lyophilizationt surprising in view of the ineffectiveness of metal-chelating agents. 
Z 88.5 2.2 4.0 Together with the easy reversal of cyanide inhibition by dialysis, 1 
Z 28.7 6.7 5.5 these observations suggest that the inhibition by cyanide is not re 
due to forming complexes with free metal ions. It seems likely T 
* Ratios of activities toward the indicated substrates. that cyanide inhibits by reversible binding at an essential site on Ww 
7 One milliliter of purified nitrite reductase (specific activity, the enzyme; this site might, of course, be a nondissociable metal 30 
20 units per mg; protein, 0.22 mg per ml) was irradiated at 4˙ ion not available, for steric reasons, to chelating agents. al 
with an ultraviolet lamp (Kensington Scientific Corporation, feat the . coli vation is the th 
model K225) at 10 cm for the designated lengths of time. interesting feature o - COR prepa 1 
t Thirty milliliters of a nitrite reductase preparation (specific purification of a cytochrome c reductase and a hydroxy * 
activity, 8.4 units per mg; protein, 0.39 mg per ml) containing 0.1 reductase with the nitrite enzyme. All three reductases are ( 
u KCl and 0.05 M pyrophosphate, pH 7.5, was frozen and reduced specific for TPNH, and the ratios of their activities remained ca 
to a volume of 15 ml under reduced pressure. fairly constant during the 190-fold purification, as well as during ex 
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treatments that caused partial inactivation. The question of 
whether the three activities are properties of the same protein 
cannot be answered from the information available. | 

When N'*-labeled nitrite was reduced in the presence of un- 
Isbeled hydroxylamine, the ammonia present at the end of the 
experiment was labeled at least 20 times as heavily as was the 
residual hydroxylamine (correction for endogenous and added 
ammonia would increase this difference considerably). Thus, no 
intermediate in the reduction of nitrite comes to isotopic equilib- 
rium with free hydroxylamine in solution. This finding excludes 
any sequence in which hydroxylamine is formed at one site and 
moves in solution to another site where it is reduced. 

An organic derivative of hydroxylamine has been suggested as 
an intermediate in other systems (20, 21). Such a derivative 
could move from one site to another without equilibrating with 
hydroxylamine. Our preparation, however, retained activity 
for the over-all reduction of nitrite to ammonia after fractiona- 
tions that would be expected to remove cofactors, so that the 
participation of dissociable small organic molecules in the reduc- 
tion of nitrite seems unlikely. 

As has been frequently suggested (22-24), the reduction of 
nitrite to ammonia might be expected to proceed by a sequence of 
three 2-electron transfers, each catalyzed by a specific enzyme. 
However, the results reported here seem more consistent with 
the hypothesis that one enzyme catalyzes the complete reduction 
of nitrite to ammonia with no obligate intermediates. The 
relevant findings are: (a) There is no indication of separation of 
enzymes catalyzing different steps in the course of a moderate 
degree of purification of the over-all system. (b) Possible inter- 
mediates at the +1 oxidation level of nitrogen (hyponitrite and 
nitrous oxide) are not reduced. (c) Although hydroxylamine is 
reduced, free hydroxylamine is not an obligate intermediate in 
the reduction of nitrite. (d) There“ is no evidence for the 
participation of a dissociable organic cofactor, so that the move- 
ment of hydroxylamine from one site to another in the form of an 
organic compound seems unlikely. Although the evidence is by 
no means conclusive, these results are all compatible with the 
one-enzyme hypothesis. 

While this paper was in preparation, Mager (25) reported 
evidence that a TPNH hydroxylamine reductase and a TPNH 
sulfite reductase from E. coli are activities of the same enzyme. 
The ratio of the two activities remained constant throughout a 
150-fold purification, and the levels of both activities were 
depressed in cells grown on a medium containing cysteine or 
methionine. On the basis of these and other observations, 
he suggested that one enzyme performs both catalyses, and that 
the reduction of sulfite represents the physiological function of 
the enzyme; whereas the reduction of hydroxylamine is an 
incidental reaction. 

The relation of Mager’s work to the enzyme described here is 
not known at present, but purified preparations of the nitrite 
reductase exhibit comparable reductase activity toward sulfite. 
The possibilities exist that the nitrite reductase is contaminated 
with sizable amounts of the enzyme described by Mager, thus 
accounting for the accompanying TPNH-specific hydroxylamine 
and sulfite reductases, or that one enzyme is responsible for all 
three activities. With respect to the latter possibility, it is 
interesting to note that recent unpublished work of Lezius 
(q. (26)) is consistent with the idea that one enzyme from yeast 
catalyzes the complete reduction of sulfite to sulfide at the 
expense of TPNH. 


R. A. Lazzarini and D. E. Atkinson 


A nitrite reductase specific for triphosphopyridine nucleotide 
has been partially purified from Escherichia coli strain Bn. The 
product of the reduction is ammonia. The preparation also 
reduces hydroxylamine and cytochrome e at the expense of tri- 
phosphopyridine nucleotide; these activities remain in a fairly 
constant ratio to the nitrite reductase during 190-fold purifica- 
tion. No cofactor requirement has been demonstrated. It was 
shown by the use of NI. Iabeled nitrite that free hydroxylamine 
is not an obligate intermediate in nitrite reduction. It is sug- 
gested that the over-all reduction of nitrite to ammonia may be 
catalyzed by a single enzyme. 
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—, liver enzymes, Weber, Banerjee, 
and Bronstein, 3106 
Oxidation, Pseudomonas fluorescens, 
Frampton and Wood, 2571 


Bishop, 1778 


5’; Hydrolysis of chains, monoesteri- 
fied phosphate, Vanecko and Las- 
kowski, 3312 


phosphorylase, Siu, Wood, * — 


Stjernholm, 

Formation, 
acid in vitro, liver mitochondria, 
Briggs, Whitehouse, and Staple, 

688 

Carbonic acid: pK’, cerebrospinal fluid, 
Alexander, Gelfand, and Lamberisen, 
592 
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Carbon tetrachloride: Fat accumulation, 
biochemical changes in subcellular 
particles of liver, relationship, 
Recknagel and Lombardi, 564 

Carboxyl: Amide groups and; ribonu- 
clease-S, peptide component, V1- 
thayathil and Richards, 1380 

Carboxylase: Acetyl coenzyme A. See 
Acetyl coenzyme A carboxylase 

a-; Decarboxylation of a-keto acids, 
two-site mechanism, Juni, 2302 

Propionyl. See Propionyl carboxy- 
— 


Carboxylic acids: a-Chymotrypsinogen 
and; comparison of reactions with 
Doscher and Wil- 

1328 

Catalytie aetivity, 

effect, Rutter, Richards, and Wood- 


Wyman, Zito, Rossi-Fanelli, and 
Caputo, PC60 
Carboxyphenyl-L-alanine: m-; Dicar- 
boxylic aromatic amino acid from 

iris bulbs, Thompson, Morris, Asen, 
and Irreverre, 1183 
osphorylase: Phospho- 

enolpyruvic; CO: fixation, Siu, 
Wood, and Stjernholm, PC21 
Carcinoma: Adrenocortical; A“ preg- 
nene-3a , 160, 26a-triol, Fukushima, 
Smulowitz, and Williams, 3147 
Cells, Ehrlich ascites, Methionine and 
ethionine; uptake and retention, 
controlling factors, Johnstone and 


Schole field, 1419 
Carotene: f-; Radioactive, conversion 
into vitamin A, Olson, 349 


Castor bean: Germinating; sucrose syn- 
thesis from acetate; kinetics and 
pathway, Canvin and Beevers, 

988 

Catabolism: Cholesterol in vitro, White- 

house, Staple, and Gurin, 68, 73 
Glutarate; acetoacetate and acetate, 


gawa, Yoshimura, and Tonomura, 
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olism, 2-deoxyglucose effects, Bar- 
ban and Schulze, 1887 


Lymph node, antibody secretion, 
Helmreich, Kern, and Eisen, 464 
Cerebronic acid: Biosyn thesis, Fulco 
and Mead, 2416 


Chenodeoxycholic acid-24-C": Metab- 
‘olism, Ziboh, Matechiner, Doisy, 


Hsia, Elliott, Thayer, Er 


Chick: Embryo, deoxyribonucleic — 
biosynthesis, Reichard, 2511 


503 
Chlorination: Biological, Shaw and 
Hager, 1626 


Chloroperoxidase: Component of 8. 
ketoadipate chlorinase system, 
Shaw and Hager, 1626 

Chlorophyll: Biosynthesis, magnesium 
protoporphyrin monoester and pro- 
toporphyrin monomethyl ester, 
Granick, 1168 

Chlorophyllase: Activity and purifica- 
tion, aqueous systems, Klein and 
Vishniac, 2544 

Chloroplasts: Spinach; enzyme catalyz- 
ing adenosine triphosphate-adeno- 
sine diphosphate exchange, Kahn 
and Jagendorf, 940 

Cholanic acid-24-C"™; Metabolism, Ray, 
Doisy, Matschiner, Hsia, Elliott, 
Thayer, and Doisy, 3158 

Cholestenol-4-C™: A’-; 7-Dehydrocho- 
lesterol-4-C™, conversion to choles- 
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Cholesterol: Biosynthesis, study, Avigan 
and Steinberg, 2898 
forth, and Ryhage, 1934 
Catabolism, in vitro, Whitehouse, 
Staple, and Gurin, 68, 73 
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Carter, Hendry, Nojima, Stanacev, 
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Cerebrospinal fluid: pK’, carbonic acid, 
Alexander, Gelfand, and Lambertsen, 
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Ceruloplasmin: Reduction, electron 
transport system, Brown and White, 
911 
fin, 3193 
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Optic lobe; y- aminobutyrie acid con- 
tent, glutamic decarboxylase and 
y-aminobutyrate transaminase ac- 
Carbon: 14-Adenine, purine metabo- tivities, Sisken, Sano, and Roberts, 
lism human blood, in vivo study, 
—-arginine, incorporation, trypsino- 
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ribonuclease, Keller, Cohen, and 
Neurath, 1404 
—-lipids, atheromatous lesions, New- 
man, McCandless, and Zilversmit, 
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Metabolism, Chromatium, Fuller, 
Smillie, Sisler, and Kornberg, intermediates, Bagchi, Mushahwar, 
Nh 2140 Chang, Koeppe, and Mourkides, 
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arabinosus, biotin nutrition, influ- Catechol: -Cleaving enzyme; metapyro- 
ence, Plaut, 61 1 
—, phosphoenolpyruvic carboxytrans- 
Hayaishi, 2223 terol, Schroepfer and Franiz, 
Cations: Divalent, enzyme free, Kita- 
902 
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Ascites | 
Guanine-starved, enzyme synthesis, 
Levin and Magasanik, 1810 
Human, cultured; growth and metab- A’-Cholestenol-4-C“ and 7-dehydro- 
TT" 
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cholesterol - 4 - Ci, conversion, 
Schroepfer and Frantz, 3137 


Esterification, sensitivity, environ- 
mental stress, Klein and Dahl, 
1658 
Oxidation, liver mitochondria, White- 
house, Staple, and Gurin, 68 
Side-chain, cleavage, adrenal cortex, 
Constantopoulos and Tchen, 65 
—-— —, — ; reduced triphospho- 
pyridine nucleotide requirement, 
Halkerston, Eichhorn, and Hechter, 
374 
Trihydroxycoprostanie acid, forma- 
tion, Briggs, Whitehouse, and Staple, 
688 
Zymosterol-C“ and zymostenol-H?, 
conversion, liver homogenates, 
Schroepfer, 1668 
Cholesterol-4-C': Conversion, estrone, 
Ryan and Smith, N 2204 
Cholic acid: Formation, trihydroxyco- 
prostanic acid in vitro, liver mito- 
chondria, Briggs, Whitehouse, and 


Staple, 688 
Choline: Phospholipid. See Phospho- 
lipid choline 


Chromatium: Carbon metabolism, Ful- 
ler, Smillie, Sisler, and Kornberg, 
2140 
Chromium: Trivalent, complexes, effect, 
glucose uptake, Mertz, Toginski, 
and Schwarz, 318 
Chromogen: Porter-Silber; secreted by 
rat adrenal, identification, Birming- 
ham and Ward, 1661 
Chromophore: Phenoxazone, enzymatic 
synthesis, Weissbach and Katz, 
PC16 
“Chylomicron-like” bodies: Synthesis, 
normal blood sugar levels, main- 
tenance, liver, Kay and Entenman, 
1006 
Chymotrypsin: a-; Specificity, Foster, 
2461 
—-; Spectrophotometric determina- 
tion, operational normality, Schon- 
baum, Zerner, and Bender, 2930 
Chymotrypsinogen: a-; Chemical de- 
rivatives, Doscher and Wilcoz, 
1328 
A, C"-arginine, incorporation in vivo, 
Keller, Cohen, and Neurath, 


1404 
B, amino acid composition, Kassell 
and Laskowski, 1996 


Citrate: Cleavage enzyme, Srere, 50 
-Condensing enzyme, deuterium iso- 
tope rate effects, Kosicki and Srere, 
2566 
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Citrate—Continued 
Condensing enzyme 
— —, kinetic study, Kosicki und 
Srere, 250 
-— —, purification, Srere and Kosicki, 
2557 
Citric acid: Cycle, skin, Pomeraniz, 
2863 
Formation and breakdown, garcinia 
fruit (Xanthochymus  guttiferae, 
Deshpande and Ramakrishnan, 


2377 
—, skin, metabolism, Firschein and 
Bell 22 


Metabolism, bone mineral solubility; 
parathyroid hormone and estradiol, 
effects, Vaes and Nichols, 3323 

Cladinose: I-; Branched chain mono- 
saccharide, methionine methyl 
group, participation in biogenesis, 
Corcoran, PC27 

Clostridia: Fatty acids, unsaturated, 
origin, Goldfine and Bloch, 2596 

Clostridium tetanomorphum: Vitamin 
Biz to coenzyme B.: conversion, 
Weissbach, Redfield, and Peterkofsky, 

PC40 

Cobamide coenzymes: See under Co- 
enzyme 

Coenzyme: A assay, stoichiometry sub- 
strate specificity and use, Srere, 

50 

—; acetoacetyl, acetoacetate forma- 
tion, liver mitochondria, Segal and 
Menon, 2872 

—, acyl. See Acyl coenzyme A 

—; carboxylase, acetyl, wheat germ, 
Hatch and Stumpf, 2879 

:; propionyl, conversion to succinyl 
coenzyme A, Mazumder, Sasakawa, 
Kaziro, and Ochoa, PC53 

—; malonyl. See Malonyl coenzyme 
A 

B,2; identification of a sugar, Hogen- 


kamp and Barker, 3097 
—, isolation, liver, Toohey and Barker, 
560 


—; vitamin Bi conversion, cell-free 
extracts, Clostridium letanomor- 
phum, Weissbach, Redfield, and 


Peterkofsky, PC40 
, oxidation-reduction, intramolecu- 
lar, Abeles and Lee, 2347 


; purification and properties; from 
Propionibacterium arabinosum, Too- 
hey, Perlman, and Barker, 2119 

—, structure; pH influence, absorp- 
tion spectra and ionophoretic 
mobilities, Ladd, Hogenkamp, and 
Barker, 2114 

Enzyme-, complexes, oxamate and 
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oxalate, binding, Novoa and Schwert, 
2150 
Pyridine nucleotide, isotopically la- 
beled precursors, incorporation, 
Stollar and Kaplan, 1863 
: and Qs, in Rhodospirillum rubrum, 
photophosphorylation stimulation, 
Rudney, PC39 
Vitamin Bis, intramolecular oxidation 
reduction, Abeles and Lee, PC} 
— —, requirement; 1, 2-propanediol 
conversion, propionaldehyde, mech- 
anism, Brownstein and Abeles, 
1199 
Collagen: Hydroxyproline incorpora- 
tion, Hausmann and Neuman, 


149 
Copper: Cytochrome oxidase, properties, 
Griffiths and Wharton, 1857 


Coproporphyrinogen oxidase: Mito. 
chondrial; protoporphyrin forma- 
tion, Sano and Granick, 1173 

Cordyceps militaris: Homocitrullyla- 
minoadenosine, Kredich and Gua- 
rino, 3300 

Cornea: Beef, epithelial extract; corneal 
mucopolysaccharides, enzymic sul- 
fation, Wortman, 974 

Cortex: Adrenal gland, respiratory en- 
zymes, study, Spiro and Ball, 

231 

Corticosteroid: Synthetic (triameino- 
lone) metabolic fate, Florini, Smith, 
and Buyske, 1038 

Corticotropin: Activity, potentiation in 
vitro, inactive derivative, Cohen and 


Frieden, 765 
Human, structure, Lee, Lerner, and 
Buettner Junusch, 2970 


Cortisol-4- Ci: Metabolites, partial char- 
acterization, Gold, 1924, 1930 
Coumaric acid: o-; B- glucosides, Kosuge 


and Conn, 1617 
Coumarinic acid: G- glucosides, Kosuge 
and Conn, 1617 
Covalent: Linkages, proteins, Schick 
and Singer, 2477 
Creatine: Biosynthesis, metabolic con- 
trol, Walker, 493 
Repression, transamidinase activity, 
restoration, Walker, 493 


Transphosphorylase-catalyzed reac- 
tion, adenosine triphosphate-; ki- 
netic properties and equilibrium 
constant, Nihet, Noda, and — 

Crystallin: a-; Soluble protein of eye 
lens, physicochemical investigs- 
tions, Bon, 81 

Cysteine: Cystine plus; estimation in 
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proteins by disulfide interchange 
reaction, Glazer and Smith, 416 
1; L-Homoeysteine and; disulfide in 
urine of patients with eystinuria, 
Frimpier, PC51 
Papain and; two-stage cleavage of 
y-globulin, Cebra, Givol, Silman, and 
Katchalski, 1720 
Cystine: Biosynthesis, human cell cul- 
tures, Eagle, Piez, and Oyama, 
1425 
Cysteine plus; estimation in proteins 
by disulfide interchange reaction, 
Glazer and Smith, 416 
Cytidine-2’ ,3’-cyclic phosphate: Ribo- 
nuclease action, kinetics, Litt, 
1786 
Cytidine phosphates: Deoxycytidine 
phosphate formation, Escherichia 
coli extracts, Reichard, Baldesten, 


and Rutberg, 1150 
Cytidylic acid: Adenylic acid, copoly- 
mers, Steiner, 842 


Cytidylic acid: 2’-; Ribonuclease, pan- 
creatic, inhibition, Nelson and 
Hummel, 3173 

Ribonucleic acid, incorporation, Furth, 
Hurwitz, Krug, and Alexander, 


3317 
Uridylic acid and; inosinie acid, co- 
polymers, Steiner, 3037 


Cytochrome: b, Mammalian, isolation 


Tisdale, and Bomstein, 88 
c; Biosynthesis, Simpson, Skinner, 
and Lucas, Ps! 
e; -Phospholipid complex, Reich and 
Wainio, 3058 
Oxidation, adenosine triphosphate 
linked, Chance, 1544 


Cytochrome bi aporeductase: Pyridine 
nucleotides, binding, Strittmatter, 
2336 
Cytochrome bs reductase: Microsomal, 
flavin binding, Strittmatter, 
2329 
Cytochrome ¢ oxidase: Activity, phos- 
pholipids, role, Reich and Wainio, 
3062 
Cytochrome c reductase: Lactic. See 
Lactic cytochrome c reductase 
Cytochrome oxidase: Copper, proper- 
ties, Griffiths and Wharton, 1857 
Preparation and properties, Yonetani, 
1680 


Pseudomonas aeruginosa, purification 


und properties, Horio, Higashi, 
Yamanaka, Matsubara, and Oku- 
nuki, 944 


— deaminase 
Decarboxylase: Glutamic. See Glu- 
tamic decarboxylase 
Orotidylate. See Orotidylate decar- 
boxylase 
Orotidylic acid. See Orotidylie acid 
decarboxylase 
Dehydrase: Dihydroxy acid. See Di- 
hydroxy acid dehydrase 
L-Threonine. See Threonine dehy- 
drase 
Dehydro analogues: 4, 5-; Isoleucine and 
alloisoleucine, biological specificities, 
Parker, Skinner, and Shive, 
3267 
Dehydrocholesterol-4-C™: 7-; A’-choles- 
tenol, conversion to cholesterol, 
Schroepfer and Frantz, 3137 
Dehydrogenase: Alcohol. See Alcohol 


dehydrogenase 

Aldehyde. See Aldehyde dehydro- 
genase 

p-Arabitol. See Arabitol dehydro- 
genase 

Dihydrolipoyl. See Dihydrolipoyl 
dehydrogenase 

Dihydroorotic. See Dihydroorotic 
dehydrogenase. 

Dimethylglycine. See Dimethylgly- 

eine dehydrogenase 

Extraction, partial purification, Ring- 
ler, 1192 


p-Gluconate 6-phosphate. See Glu- 
conate 6-phosphate dehydrogenase 

Glucose 6-phosphate. See Glucose 6- 
phosphate dehydrogenase 

Glutamic. See Glutamic dehydro- 
genase 

a-Glycerophosphate. See Glyeero- 
phosphate dehydrogenase 

8-L-Hydroxy acid. See Hydroxy acid 
dehydrogenase 

20 a-Hydroxysteroid. See Hydroxy- 
steroid dehydrogenase 

Isocitrate. See Isocitrate dehydro- 


genase 
See Ketoglutaric de- 


Ketoglutaric. 
See Lactic dehydrogenase 


hydrogenase 
Lactic. 
See Malic dehydrogenase 


Malic. 


Mitochondrial sarcosine. See Mito- 
chondrial sarcosine dehydrogenase 
3-Phosphoglyceraldehyde. See Phos- 
phoglyceraldehyde dehydrogenase 


Dehydrogenase—Continued 
Pyruvate. See Pyruvate dehydro- 


genase | 
Reduced diphosphopyridine nueleo- 
tide. See Diphosphopyridine nu- 
cleotide dehydrogenase 
Suceinie. See Suceinie dehydrogen- 
ase 
Dehydroisoandrosterone ‘sulfate: An- 
drosterone and etiocholanolone glu- 
curonidates, conversion in ribo, 
Roberts, VandeWiele, and Lieber- 
man, 2213 
Deoxycholic acid: 3a,68,12a-Trihy- 
droxycholanic acid, new metabolite, 


partial synthesis, Ratliff, Mat- 
schiner, Doisy, Hsia, Thayer, El- 
liott, and Doisy, 685 


Deoxycytidine: Deoxyribonucleic acid, 
incorporation in vitro, deoxycyti- 
dylate, Maley and Maley, 1806 

Di- and triphosphate cleavage, en- 
zyme, bacteriophage-infected Esch- 
erichia coli, Zimmerman and Korn- 


Deoxycytidine phosphate(s): Forma- 
tion, cytidine phosphates, Escheri- 
chia coli, Reichard, Baldesten, and 


Rutberg, 1150 
—, with soluble enzymes, Reichard, 
2511 


Deoxycytidylate: Incorporation in vitro, 
deoxycytidine and thymidine, de- 
oxyribonucleic acid, Maley and 
Maley, 1806 

Deoxyglucose: Glucosyl 2-. See Glu- 
cosy! 2-deoxyglucose 

2-; Growth and metabolism, cultured 


Deoxyguanylate kinase: Two forms, 
infected Escherichia coli, Bello, 
Van Bibber, and Bessman, 1467 

Trifunctional, formation, Bessman 
and Bello, PC72 

Deoxyribonuclease: I; specificity, study, 


Vanecko and Laskowski, 1135 
Specificity, study, Vanecko and Las- 
kowski, 3312 


Deoxyribonucleic acid: \-Bacteriophage, 
infectious, Meyer, Mackal, Tao, 


and Evans, 1141 
Biosynthesis, chick embryo, Reichard, 
2511 
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Deoxyribonucleic acid—Continued 
Reichard, Canellakis, and Canella- 
kis, 2514 
Deoxycytidine and thymidine, deoxy- 
cytidylate incorporation in ritro, 
Maley and Maley, 1806 
Enzymatic synthesis, Josse, Kaiser, 
and Kornberg, 864 


Frequencies of nearest neighbor base 
sequences, Josse, Kaiser, and Korn- 
berg, 864 

Glycosylation, enzymes, bacterio- 
phage-infected Escherichia coli, 
Kornberg, Zimmerman, and Korn- 


berg, 1487 
Polyribonucleotides, formation, Ste- 
PC43 


vens, 

Ribonucleoside triphosphates and; 
ribonucleic acid synthesis, micro- 
bial enzyme, Weiss and Nakamoto, 

PCI 

Venom phosphodiesterase, action, 

Williams, Sung, and Laskowski, 
1130 
Deoxyribonucleoside diphosphate(s): 
Pyrimidine. See Pyrimidine de- 

oxyribonucleoside diphosphates 
Deoxyribonucleotides: Ribonucleic acid 
conversion, phage-induced, Cohen, 
Barner, and Lichtenstein, 1448 
Desmosterol reductase: System, liver, 
Avigan and Steinberg, 2898 
Detergent: Binding, bovine plasma al- 
bumin, N-F transition, Leonard and 
Foster, PC73 
Deuterium: Fractionaton, molecular hy- 
drogen formation, marine pseudo- 
monad, Krichevsky, Friedman, New- 
ell, and Sisler, 2520 

Isotope rate effects, citrate-condens- 

ing enzymes, Kosicki and Srere, 
2566 
Diaminopimelic acid: Synthesis, isotope 
studies, Escherichia coli, Edelman 
and Gilvarg, 3295 
Diaphorase: Dihydrolipoyl dehydro- 
genase, comparative study, Searls 
and Sanadi, 580 
Diaphragm: Monocarboxylic acids, up- 
take, Foulkes and Paine, 1019 
Diazoacetamide: a-Chymotrypsinogen 
and carboxylic acids, reactions, 
comparison, Doscher and Wilcoz, 
1328 
Dicarboxylic aromatic amino acid: m- 
Carboxyphenyl-Lalanine, from iris 
bulb, Thompson, Morris, Asen, 
and Irreverre, 1183 
Dichlorophenoxyacetic acid: 2,4-; Ef- 
fects, oxidation-reduction state, 
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soybean seedlings, Key and Wold, 
549 

Diet: Liver phosphorylase; fasting and 
refeeding, effect, Niemeyer, Gon- 


zdlez, and Rozzi, 610 
Diethylaminoethyl cellulose columns: 
Myoglobin, chromatography, 
Brown, 2238 


Difluoro- m, m’-dinitro-diphenylsulfone: 
p,p’-; Bovine serum albumin re- 
action, Wold, 106 

Digitonin: Inorganic orthophosphate- 
adenosine triphosphate and adeno- 
sine diphosphate-adenosine triphos- 
phate exchange reactions, Cooper 
and Kulka, 2351 

Diglycerides: Triglyceride synthesis, 
specificity, chicken adipose tissue, 
Goldman and Vagelos, 2620 

Dihydrofolic reductase: Streptococcus 
faecalis R, Blakley and McDougall, 

1163 

Dihydrolipoyl dehydrogenase: Diapho- 

rase, comparative study, Searls and 


Sanadi, 580 
Reaction mechanism, Searls Peters, 
and Sanadi, 2317 


Dihydroorotic dehydrogenase: Reac- 
tion, equilibrium constant, Krakow 
and Vennesland, 142 
Dihydroxy acid dehydrase: Biological 
distribution, Wizom, Wikman, and 
Howell, 3257 
Isoleucine and valine, biosynthesis, 
enzyme involved, Myers, 1414 
Dihydroxy-N-methylmyosmine: 2,6-; 
Isolation and identification, Rich- 
ardson and Rittenberg, 959 
Dihydroxyphenylethanol: 3,4-; Forma- 
tion, 3,4-dihydroxyphenylethyla- 
mine, Goldstein, Friedhoff, Pome- 
rantz, and Contrera, 1816 
Dihydroxyphenylethylamine: 3 ,4-; Con- 
version to norepinephrine, catalyz- 
ing enzyme, study, Levin and Kauf- 
man, 2043 
—,—-; Formation of 3,4-dihydroxy- 
phenylethanol and 2-methoxy-4- 
hydroxyphenylethanol, Goldstein, 
Friedhoff, Pomerantz, and Contrera, 
1816 
Dihydroxypseudooxynicotine: 2,6-; 
Identification, third oxidative prod- 

uct, Richardson and Rittenberg, 
964 
Dimercaptopropanol: 2,3-; Arsenite and, 
effects, oxidative phosphorylation, 
Fluharty and Sanadi, 2772 


Vol. 236 
Dimethylcephalins: N,N-, Baer and 


Pavanaram, 2410 
Dimethylglycine dehydrogenase: Solu- 
bilization and electron transfer, 
flavoprotein requirement, Hosking 
and Mackenzie, 177 
Dinitrophenol: 2,4-; Entry and accumu- 
lation, Osborn, McLellan, and Ho- 
recker, 2585 
Dinitrophenylhydrazine: 2,4-; Ascorbic 
acid comparative analyses method, 
Roe, 1611 
Dinucleotide: Adenine myonic acid. 
See Adenine myonic acid dinucleo- 
tide 
Nicotinamide adenine. See Nico. 
tinamide adenine dinucleotide 
Diphosphate: Adenosine. See Adeno- 
sine diphosphate 
Deoxycytidine. See Deoxycytidine 
diphosphate 
Pyrimidine deoxyribonucleoside. See 
Pyridine deoxyribonucleoside di- 
phosphate 
Uridine. See Uridine diphosphate 
Diphosphate L-fucose: Guanosine. See 
Guanosine diphosphate L-fucose 
Diphosphate glucose: Thymidine. See 
Thymidine diphosphate glucose 
Uridine. See Uridine diphosphate 
glucose 
Diphosphate L-rhamnose: Thymidine. 
See Thymidine Lrhamnose 
Diphosphate rhamnose: Thymidine. 
See Thymidine diphosphate rham- 
nose 
Diphosphoglycosyl: Compounds, 5-ribo- 
syluracil; formation from 5-ribo- 
syluracil triphosphate, Rabinowitz 
and Goldberg, PC79 
Diphosphopyridine nucleotide: Azaser- 
ine, effect, biosynthesis, Narrod, 
Bonavita, Ehrenfeld, and Kaplan, 
931 
— Biosynthesis, Imsande and Handler, 
525 
— pathway, Escherichia coli, Imsande, 
1494 


Reduced diphosphopyridine nueleo- 
tide reaction, enzymes, activities 


dansky, 1207 
Triphosphopyridine nucleotide and; 
changes in levels by thyroid-stimu- 
lating hormone, thyroid slices in 
vitro, Pastan, Herring, and Field, 
PC25 

— — —; reduced; comparative study, 
Foster and Bloom, 2548 
Diphosphopyridine nucleotide dehydro- 
genase: Reduced, flavin compo- 
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Diphosphopyridine nucleotide dehydro- 
genase—Continued 
nent, Huennekens, Felton, Rao, and 
Mackler, PC57 

Diphosphopyridine nucleotide oxidase: 
Reduced; ascaris muscle, Kmetec 
and Bueding, 584 

Distearoyl L-a-glycerylphosphoryl Lo, 
Ls-hydroxyproline: Synthesis, Baer 


and Zschocke, 1273 
Distearoyl L-a-glycerylphosphoryl-(N- 
methyl)ethanolamine: Synthesis, 
Baer and Pavanaram, 1269 


Distearoyl L- - glycerylphosphoryl- 
(v. N-dimethyl)ethanolamine: Syn- 
thesis, Baer and Pavanaram, 

2410 

Disulfide: Bond cleavage, thyroid tis- 

sue, by thiourea, Maloof and Soodak, 
1689 


Interchange reaction, estimation, cys- 
tine plus cysteine, proteins, Glazer 
and Smith, 416 

Linkages, crystalline pepsin, Blumen- 
feld and Perimann, 2472 

Protein, enzymatic reduction, Asahi, 
Bandurski, and Wilson, 1830 


Egg: Amphibian, ribonucleic acids, 
chemical characteristics, Finamore 
and Volkin, 443 

Ehrlich ascites cells: See under Ascites 


Elastin: Elastase and, study, Lamy, 


Electron: Acceptor, potassium ferricy- 
anide, oxidative phosphorylation, 


study, Estabrook, 3051 
Energy and; transfer reaction, mito- 
chondria, Chance, 1569 
Chance and Hollunger, 1562, 1577 
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dine nucleotide systems, ascaris 
muscle, Kmetec and Bueding, 
584 
Sulfite, hepatic, purification and prop- 
erties, Macleod, Farkas, Fridovich, 
and Handler, 1841 
Oxidation: Air, reduced subtilisin-modi- 
fied ribonuclease, enzyme activity 
regeneration, Haber and An ſinsen, 
422 


_ tection, Fridovich and Handler, 


Glucose; thyroid, acetylcholine, stim- 
ulation, Pastan, Herring, Johnson, 
and Field, 340 

Glyoxylic acid to oxalic acid, Richard- 
son and Tolbert, 1280 


3383 
1968 
and 
ivty, 
2467 
ohen, 
“a 
Bacterial, nicotine, Richardson and 
Rittenberg, 959, 964 
Carbohydrate, Pseudomonas fluores- 
altose cens, Frampton and Wood, 2571 
dels, Cholesterol, liver mitochondria, 
2183 Whitehouse, Staple, and Gurin, 
» and 68 
2416 Cytochrome, adenosine triphosphate- 
Ryan, Enzymatic, decarboxylation, hydroxy- 
2381 pyruvate, Hedrick and Sallach, 
1872 
—; pyridoxine and pyridoxamine 
phosphates, Wada and Snell, 
2089 
—, sulfite oxidation, free radicals, de- 
Galactose, inhibition, ethanol, mech- 
anism, study, JIsselbacher and 
Hypoxanthine, stimulation, Macleod, | 
Fridovich and Handler, 1847 
a-Keto acids, thiamine deficiency and | 
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Oxidation—Continued 
thiamine antagonists, effects, Gub- 
ler, 3112 
Pentose, Pseudomonas fragi, Weim- 
berg, 629 


-Reduction, intramolecular, cobamide 
coenzyme required, Abeles and Lee, 


2347 
-—,—, vitamin Biz coenzyme, Abeles 
and Lee, PCl1 


-—, heme groupsin two soluble double- 
heme proteins, potentials, Horio, 
Kamen, and de Klerk, 2783 

— state, soybean seedlings, 2,4-di- 

chlorophenoxyacetie acid effects, 
Key and Wold, 549 

Succinate, in liver mitochondria, high 
energy phosphate requirement, Az- 
zone and Ernster, 1518 

Sulfite; free radicals, detection, en- 
zymic oxidations, Fridovich and 
Handler, 1836 

Tetrahydrofolate, enzymatic synthe- 
— thymidylate, Nahba and Fried- 


produet 
formed, phenylalanine hydroxyla- 
tion, Kaufman, 804 


3a, 7a, 12a-Trihydroxycoprostane, 
3a, 7a, 12a-trihydroxy-24-ketoco- 
prostane, and 3a, 7a, 12a, 24é- 
tetrahydroxycoprostane, liver mito- 
chondria, Whitehouse, Staple, and 


Gurin, 73 
Oxidative phosphorylation: Mechanism, 
Fluharty and Sanadi, 2772 


Oxygen: -Linked acid groups of hemo- 
globin, N-ethyl maleimide reaction, 
Benesch and Benesch, 405 

Proteins, sources, study, Rittenberg, 
Ponticorvo, and Borek, 1769 

Oxynitrilase: Sorghum vulgare, purifica- 

tion and properties, Bové and Conn, 
207 

Oxypurine nucleoside triphosphate: 6-; 
Adenosine monophosphate trans- 
phosphorylase-; liver, purification 
and properties, Chiga, Rogers, and 
Plaut, 1800 

Oxytocin: Glucose metabolism, mam- 
mary tissue in vitro, effect, Good- 
friend and Topper, 1241 


P 


Pancreas: Cell fractions, enzymic com- 
position, Keller and Cohen, 1407 
Pancreas ribonuclease(s): See under 

Ribonuclease 
Serine-activating enzyme, purification 
and properties, Webster and Davie, 
479 
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Pancreatic ribonuclease: See under 
Ribonuclease 
Pantetheine: Acetoacetyl-; enzymic thi- 
olysis, mono- and dithiol com- 
pounds, Stern and Drummond, 
2892 
Papain: Action, human serum globulins, 
Deutsch, Stiehm, and Morton, 
2216 
Cysteine and; two-stage cleavage of 
y-globulin, Cebra, Givol, Silman, 
and Katchalski, 1720 
y-Globulin, cleavage, Hsiao and Put- 
nam, 122 
Phenolic hydroxy] ionization, Glazer 
and Smith, 2948 
Parathyroid: Glands, acetic acid ex- 
tracts, parathyroid polypeptide iso- 
lation, Rasmussen and Craig, 
1083 
Hormones; citric acid metabolism and 
bone mineral solubility, effect, Vaes 


and Nichols, 3323 
—, isolation and characterization, 
Rasmussen and Craig, 759 


Polypeptide, isolation, acetic acid ex- 
tracts, Rasmussen and Craig, 

1083 

Patella vulgata: Steroid glucosiduronic 

acids, hydrolysis, Wakabayashi and 

Fishman, 996 

Pentose(s): Anaerobic dissimilation, 
Escherichia coli, Gibbs and Paege, 

6 


Oxidation, Pseudomonas fragi, Weim- 
berg, 629 
Phosphate, isomerization and epimeri- 
zation mechanism; T,O and H: O, 
study, McDonough and Wood, 
1220 
Pepsin: -Catalyzed hydrolysis, poly- 
I- glutamie acid, a-helical form, 
Simons, Fasman, and Blout, 
PC64 
Crystalline, disulfide linkages, Blu- 
menfeld and Perlmann, 2472 
Serum albumin and, enzyme-sub- 
strate complex, electrophoretic 
demonstration, Cann and Klapper, 
2446 
Peptidase: Carboxy-. See Carboxypepti- 
dase 
Peptide(s): Bacterial growth, Kihara, 
Ikawa, and Snell, 172 
Component, ribonuclease-S, carboxyl 
and amide groups, Vithayathil and 
Richards, 1380 
Heme, with two heme groups; amino 
acid sequence, Dus, Bartsch, and 
Kamen, PC47 
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Peptide(s)—Continued 
Nucleotide-; isolated from bovine 
liver, Wilken and Hansen, 1051 
Streptococcal proteins, synthesis, Foz, 
166 
Perodate: -Oxidized nucleotide resi 
amine-induced, Khym and Cohn, 


PC9 
Peroxide: Hydrogen. See Hydrogen 
peroxide 
Pt ge: -Induced ribonucleic acid con- 
version, deoxyribonucleotides, 
Cohen, Barner, and Lichtenstein, 
Phagocytosis: Inorganic phosphate, in- 
corporation, phosphatides, Kar. 


novsky and Wallach, 1895 
Metabolic basis, Karnovsky and 
Wallach, 1895 


Stimulation mechanism, metabolic 
functions, Evans and Karnovsky, 
PC30 
Phaseolus aureus: Seedlings; metabo- 
lism, p- glucuronie acid and 
lacturonic acid, Kessler, Nuefeld, 
Feingold, and Hassid, 308 
Seeds, extracts, p-galacturonic acid 
phosphorylation, Neufeld, Feingold, 
Ilves, Kessler, and Hassid, 3102 
Phenol: Ferrimyoglobin, reaction, 
George, Lyster, and Beetlestone, 
3246 
Phenoxazone chromophore: Enzymic 
synthesis, Weissbach and Katz, 
PC16 
Phenylalanine deaminase: Hordeum vul- 
gare, purification and properties, 
Koukol and Conn, 2692 
Phenylalanine hydroxylation: Oxidation 
product, tetrahydropteridines, 
Kaufman, 804 
Phenylketonuria: Biochemical study, 
Goldstein, 2656 
Phormia regina: Phospholipid patterns, 
Bieber, Hodgson, Cheldelin, Brookes, 


and Newburgh, 2590 
Phosphatase: Alkaline. See Alkaline 
phosphatase 


Glucose 6-. See Glucose 6-phosphatase 
Phosphoglycolic acid, Richardson and 
Tolbert, 1285 
Phosphate: Carbamyl, synthetase. See 
Carbamyl phosphate synthetase 
Cytidine. See Cytidine phosphate 
Cytidine-2’ ,3’-eyclic. See Cytidine- 
2’ ,3’-cyclic phosphate 
Dehydrogenase 6-; p-gluconate, cry 
talline, Pontremoli, de Flora, Grazi, 
Mangiarotti, Bonsignore, and Hor- 
ecker, 2975 
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phosphate Continued 

Deoxyeytidine. See Deoxyeytidine 
phosphate 

Deoxycytidine and deoxyguanosin 
formation, soluble enzymes, Reich- 
ard, 2511 

8-Glucose 1-. See Glucose 1-phosphate 

High energy; succinate oxidation, 
liver mitochondria, Azzone and 
Ernster, 1518 

Inorganic, frog sartorius muscle, con- 
tent, estimation, Seraydarian, 
Mommaerts, Wallner, and Guillory, 


Monoesterified, carbon 3’; oligonu- 
cleotides, hydrolysis, Vanecko and 
Laskowski, 1135 

—, hydrolysis of chains, carbon 5’, 
Vanecko and Laskowski, 3312 

Pyridoxal; uptake, Ehrlich ascites 
tumor cells, Pal and Christensen, 

894 

Synthetase, carbamyl. See Carbamyl 
phosphate synthetase 

Uridine 5’-; See Uridine 5’-phosphate 

Phosphatides: Inorganic phosphate in- 
corporation, phagocytosis, Karnov- 


sky and Wallach, 1895 
Phosphatidylhydroxyproline: Baer and 
Zschocke, 1273 


Phosphatidyiserine: Enzymatic forma- 
tion and decarboxylation, Borken- 
hagen, Kennedy, and Fielding, 

PC28 

Phosphodiester: Serine ethanolamine, 
configuration, Beatty, Ennor, Rosen- 
berg, and Magrath, 1028 

Phosphodiesterase(s): I, purification 
and properties, kidney, Razzell, 

3031 
Spleen, enzymic degradation, proper- 
ties, mode of action, Razzell and 


Khorana, 1144 
Tissue and intracellular distribution, 
Razzell, 3028 


Venom; action, deoxyribonucleic acid, 
Williams, Sung, and Laskowski, 
1130 
Phosphoenolpyruvic carboxytransphos- 
phorylase: CO; fixation, Siu, Wood, 
and Stjernholm, PC21 
Phosphoglucomutase: Action, kinetics, 
Bodansky, 328 
B-Glucose 1-phosphate, specific, Ben- 
Zvi and Schramm, 2186 
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Phosphoglucose: Isomerase reaction, in- 
tramolecular hydrogen transfer, 
Rose and O'Connell, 3086 

Phosphoglyceraldehyde dehydrogenase: 
3-; p-Nitropheny] acetate, hydroly- 
sis, Park, Meriwether, Clodfelder, 
and Cunningham, 136 

Phosphoglyceryl glutathione thiol ester: 
3-; Synthesis, biochemical proper- 
ties, Weaver and Lardy, 313 

Phosphoglycolic acid phosphatase: Rich- 
ardson and Tolbert, 1285 

Phosphohydroxypyruvic aldehyde: Syn- 
thesis, biochemical properties, 
Weaver and Lardy, 313 

Phosphoinositide: Beef brain; myo- 
inositol phosphates, alkaline hy- 
drolysis, Grado and Ballou, o+ 

Beef brain; myo-inositol polyphos- 


phates, characterization, Tomlin- 


son, and Ballou, 1902 
Structure, beef brain, Brockerhoff and 
Ballou, 1907 


Phosphokinase(s): Pyridoxal, assay, dis- 


— effects, McCormick and 
Snell, 2085 
Phospholipid(s): Choline; enzymatic 
conversion, phospholipid ethanola- 
mine, liver, Gibson, Wilson, and 
Udenfriend, 673 
Cytochrome c-, complex, Reich and 
Wainio, 3058 
— — oxidase activity, role, Reich 
and Wainio, 3062 
Escherichia coli, cis-9,10-methylene 
hexadecanoic acid, Kaneshiro and 
Marr, 2615 
Ethanolamine, enzymatic conversion, 
phospholipid choline, liver, Gibson, 
Wilson, and Udenfriend, 673 
Patterns in blowfly, Phormia regina 
(Meigen), Bieber, Hodgson, Chelde- 
lin, Brookes, and Newburgh, 
2590 
Phosphoric acid: Adenosine 3’ ,5’-; en- 
zymatic hydrolysis, Drummond and 


Perrott-Y ee, 1126 
Phosphorylase: a, Muscle, action, in 
vitro, Buell and Hansen, 1991 


Liver, diet influence, fasting and re- 
feeding, effect, Niemeyer, Gonzalez, 

and Rozzi, 610 
Phosphorylation: p-Galacturonic acid, 
by Phaseolus aureus seeds, extracts, 
Neufeld, Feingold, Ilves, Kessler, 
and Hassid, 3102 
Glucose transport and, heart; insulin 
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Phosphorylation—Continued 
and anoxia, effects, Morgan, Hen- 
derson, Regen, and Park, 263 


Glucose uptake control, membrane 


transport, interaction, Post, Mor- 
gan, and Park, 269 


2162 
—, heart, effect, Henderson, Morgan, 
and Park, 273 


Liver mitochondria, respiratory con- 
trol and compartmentation, Azzone 
and Ernster, 1501 


coides, carcemes, tole, Seidman end 


Janusch, 1390 
Growth hormone, glucose metabolism, 
effect, Leboeuf and Cahill, 41 


lism, effects, Weinberg 7 Pastan, 


Williams, and Field, 1002 
Piant(s): Fat metabolism, Barron, 
Squires, and Stumpf, 2610 
Mudd and Stumpf, 2602 


Higher; aromatic compounds, me- 
tabolism, Kosuge and Conn, 

1617 

Piasma: Albumin, bovine; N-F transi- 

PC73 


251 
Vine 
1051 
For, — ü 
— 
Uues, 
n, Hypophysectomy, adrenalectomy, 
PC) growth hormone, hydrocortisone, 
om and insulin, effects, Morgan, Regen, 
Henderson, Sawyer, and Park, 
con- 
ides, 
i> —, incorporation, phosphatides, phag- 
Ke. ocytosis, Karnovsky and Wallach, 
1895 1895 Mitochondrial; compartmentation, 
and Mitochondria, metabolic and struc- arsenate studies, Azzone and Erns- 
1895 tural states, regulation, Packer, ter, 1510 
bolie 214 _ Oxidative; cardiac mitochondria, glye- 
erol-treated muscle fibers, contrac- 
Abo- 1201 
—, endogenous mitochondria sub- 
eld, ution, purincatio per- strates, Weinbach, 1526 
— — 
acid 
nals Entner, 915 
3102 —, mechanism, Fluharty and Sanadi, 
2772 
—, potassium ferricyanide, electron 
acceptor, study, Estabrook, it 
3051 
Phosvitin: Chromatographic fractiona- 
1364 
Photophosphorylation: Coenzyme Q: 
and Q, Rhodospirillum rubrum, 
stimulation, Rudney, PC39 
Pituitary: Adrenocorticotropic hormone, 
glucose metabolism, effect, Leboeuf 
and Cahill, 41 
Glands, a- and g- melanocyte- stimu- 
lating hormones; isolation and 
structure, Lee, Lerner, and Buettner- 
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Albumin, human, sulfhydryl group, 
King, PC5 


—, optical rotation changes, acid 
transformations, Leonard and Fos- 
ter, 2662 
Estron sulfate, characterization, 
Purdy, Engel, and Oncley, 1043 
Homogentisic acid determination, 
enzymatic spectrophotometric 
method, Seegmiller, Zannoni, Las- 
ter, and La Du, 774 
Human, Zn-a:glycoprotein, prepara- 
tion and properties, Bürgi and 
Schmid, 1066 
Iron, incorporation, ferritin in vivo, 
oxidative metabolism, relation, Ma- 
zur, Carleton, and Carlsen, 1109 
Protein binding, triamcinolone-H? and 
hydrocortisone-4-C™, Florini and 
Buyske, 247 
; paper electrophoresis strips, scan- 
ning method, Broomfield and Scher- 
aga, 1960 
Urine and; estrone estradiol-178, and 
estriol, determination, column par- 
tition chromatography, Preedy and 
Aitken, 1300 
Plasmalogen(s): Human blood platelets, 
Zilversmit, Marcus, and Ullman, 
47 
Metabolism; vinyl ether, enzymatic 
hydrolysis, Warner and Lands, 
2404 
Neutral; analogous to neutral tri- 
glycerides, Eichberg, Gilbertson, and 
Karnovsky, PC15 
Plasmin: Human, proactivator function, 
lysine esterase assay, Kline and 
Fishman, 2807 
Plasminogen: Human, isolation proce- 
dure, Kline and Fishman, 3232 
Polyadenylic acid: Phosphorolysis, ki- 
netic study, Hendley and Beers, 
2050 
Polydeoxyribonucleotide: Polyribonu- 
cleotide-; helical complexes, forma- 
tion and properties, Schildkraut, 
Marmur, Fresco, and Doty, PC2z 
Poly-, L- glutamic acid: a-Helical form, 
pepsin-catalyzed hydrolysis, Sim- 
ons, Fasman, and Blout, PC64 
Polymers: Oligonucleotides and; com- 
plex formation, Lipsett, Heppel, and 
Bradley, 857 
Polymorphonuclear leukocyte: Ribose 
and xylose metabolism, pathway, 


Stiernholm and Noble, 614 
Polynucleotide(s): Enzymatic synthesis, 
Ochoa and Mii, 3303 


Subject Index 
Polynucleotide(s)—Continued 
Formaldehyde reaction, Haselkorn 
and Doty, 2738 


Phosphorylase; Azotobacter vinelandii, 
purification and properties, Ochoa 
and Mii, 3303 

Polynucleotide phosphorylase, stimu- 
lation and inhibition, Beers, 

2703 

Study, Razzell and Khorana, 1144 

Polypeptide(s): Antigens, synthetic, 
study, Gill and Doty, 2677 

Linear synthetic, immunochemical 
properties, Gill and Doty, 2677 

Parathyroid. See Parathyroid poly- 
peptide 

Proteins and; ultraviolet difference 
spectra, study, Glazer and Smith, 

2942 

Polyphosphates: Myo-inositol. See Myo- 
inositol polyphosphates 

Polyribonucleotide(s): Formation, base 

compositions analogous to deoxy- 

ribonucleic acid, Stevens, PC43 

-Polydeoxyribonucleotide helical com- 
plexes, formation and properties, 
Schildkraut, Marmur, Fresco, and 


Doty, PC2 
Polyribophosphate: Study, Rosenberg 
and Zamenhof, 2845 


Polysacchride(s): Bacterial capsular; 
biosynthesis pathways, Taylor and 
Juni, 1231 

— ; syntheses, radioactive sub- 
strates, Taylor and Juni, 1231 
Pneumococcal capsular, biosynthesis, 

Smith, Mills, and Bernheimer, 
2179 


Type III capsular, synthesizing sys- 
tem, properties, Smith, Mills, and 
Bernheimer, 2179 

Porphyrin: Activator, microsomal iron-; 
liver tryptophan pyrrolase, Feigel- 
son and Greengard, 153 
Potassium: Binding, mitochondria, mer- 
curial compound effect, Scott and 
Gamble, 570 

Ferricyanide; electron acceptor, oxi- 
dative phosphorylation, study, 
Estabrook, 3051 

Fluxes, glycine transport, Ehrlich 
ascites tumor cell, effect, Hempling 
and Hare, 2498 

Ions, effect on tyrosine enzyme activ- 
ity, Holley, Brunngraber, Saad, and 
Williams, — 197 

L,-Isocitrate, culture, excised tobacco 
leaves, effect, Vickery and Hanson, 

2370 

Pregnene- 3a, 16a, 20a-triol: Adren- 
ocortical carcinoma, Fukushima, 
Smulowitz, and Williams, 3147 
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Progesterone-4-C"; Estrone and estra. 
diol, conversion, Ryan and Smith, 
710 
Progesterone - 7 A‘ - Androstene. 
3,17-dione-7-H® and; labeling method, 
C21 and Crs steroid hormones, trit- 
ium at C7, Pearlman, 700 
Prolactin: Ion exchange chromatog. 
raphy, urea-containing buffers, 
Cole, 1369 
Proline: Conversion to hydroxyproline, 
incorporation into collagen, Haus. 
mann and Neuman, 149 
Propanediol: 1,2-; propionaldehyde, 
conversion chemin Brownstein 
and Abeles, 1199 
Propionaldehyde: 1 ,2-propanediol, con- 
version mechanism, vitamin B,, 
coenzyme requirement, Brownstein 
and Abeles, 1199 
Propionamino)-6-hydroxypurine: 2(a-; 
Isolation, al-Khalidi and Green. 
berg, 189 
Propionate: Guanine. See Guanine pro- 
pionate 
Propionibacterium arabinosum: Cobam- 
ide, coenzymes, purification and 
properties, Toohey, Perlman, and 
Barker, 2119 
Propionibacterium pentosaceum: Eryth- 
ritol kinase, purification and prop- 
ties, Holten and Fromm, 2581 
Propionic acid: Metabolism, animal 
tissues, Kaziro, Ochoa, Warner, and 
Chen, 1917 
Propionic acid hydrolase: Imidazolone; 
purification and properties, 3 
Silva, and Kies, 
4(5)-Imidazolone-5(4)-; — 
and properties, Rao and Greenberg. 
1758 
Propionyl carboxylase: Crystalline, Ke- 
ziro, Ochoa, Warner, and Chen, 


1917 
Reaction, mechanism, Kaziro and 
Ochoa, 3131 


Propionyl coenzyme A: Succinyl coen- 
zyme A, new enzyme in conversion, 
Mazumder, Sasakawa, Kaziro, and 
Ochoa, 

Protein: Amino acid incorporation, 
thyroxine stimulation, Sokoloff and 
Kaufman, 705 

Binding, plasma; triameinolone· N 
and hydrocortisone-4-C™, Florin 


and Buyske, 24 
Bovine pancreatic juice, Keller, Cohes, 
and Neurath, 1404 


a-Crystallin, soluble protein of eye 


lens, physicochemical 
tions, Bon, 
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protein Contin ued 
Cystine plus cysteine, estimation, di- 
sulfide interchange reaction, Glazer 
and Smith, 416 
Disulfide bonds, reduction and ref- 
ormation, study, Anfinsen, and 


Haber, 1361 
—, enzymatic reduction, Asahi, Ban- 
durski, and Wilson, 1830 


Ehrlich ascites cells; 4-aminopyrazolo 
(3,4-d)pyrimidine, synthesis in- 
hibitor, Booth and Sartorelli, 

203 

Ethionine incorporation in vivo, sex 
difference, Natori, Trowbridge, Tore- 
son, and Tarver, 2821 

Flavo-. See Flavoprotein 

Glyco-. See Glycoprotein 

Inhibitor, mushroom 
Karkhanis and Frieden, PCI 

-Iodine reaction, hydrogen liberation, 
and pH dependence, Cunningham 
and Nuenke, 1716 

Microsomal; amino acid incorporation 
in vitro; triphosphate nucleosides of 
8-azaguanine, 6-thioguanine, and 
6-mercaptopurine, effect, Roy, 
Kvam, Dahl, and Parks, 1158 

Molecules, covalent linkages, forma- 


tion, Schick and Singer, 2477 
Oxygen, sources, study, Rittenberg, 
Ponticorvo, and Borek, 1769 


Plasma; paper electrophoresis strips, 
scanning method, Broomfield and 
Scheraga, 1960 

Polypeptides and; ultraviolet differ- 
ence spectra, study, Glazer and 
Smith, 2942 

Serum, in anacid gastric mucinous 
secretions, Horowitz and Hollander, 

770 

—, starch gel electrophoresis, Beaton, 
Selby, Veen, and Wright, 2005 

Beaton, Selby, and Wright, 2001 

Soluble double-heme; relative oxida- 
tion-reduction potentials, heme 
groups, Horio, Kamen, and de Klerk, 

2783 

Streptococcal, peptide, synthesis, Foz, 
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Protoporphyrin—Continued 
Monoester, magnesium, chlorophyll 
biosynthesis, Granick, 1168 
Monomethyl ester, chlorophyll bio- 
synthesis, Granick, 1168 


Pseudomonad: Marine, hydrogen for- 
mation, detuerium fractionation, 
Krichevsky, Friedman, Newell, and 
Sisler, 2520 

Pseudomonas: Allohydroxy-p-proline, 
inducible, Yoneya and Adams, 

3272 

Extracts, glutamic acid synthesis, and 
kynurenic acid degradation, Hori- 
bata, Taniuchi, Tashiro, Kuno, and 
Hayaishi, 2991 
L-Glutamie acid, D- and Lalanine, 
and acetic acid, formation, kynu- 
renic acid, Hayaishi, Taniuchi, 
Tashiro, and Kuno, 2492 


subara, and Okunuki, 944 
Pseudomonas fragi: Pentose oxidation, 
Weimberg, 629 


Purine(s): Adenosine triphosphate and 
guanosine triphosphate, utilization, 
ribosyl derivatives, formation, 
Lowy, Williams, and London, 

1439 
Analogues, purine ribonucleotide py- 
tococcus faecalis, Brockman, Deba- 
vadi, Stutis,and Hutchison, 1471 
Biosynthesis, alternative first steps, 
Nierlich and Magasanik, PC32 
Ehrlich ascites cells; 4-amino-pyrazolo 
(3,4-d)pyrimidine, synthesis in- 
hibitor, Booth and Sartorelli, 


184 
Metabolism, human blood, CWM adi- 
nine injection, Bishop, 1778 


reticulocyte in vitro, Lowy, Cook, 


1471 

Utilization, in folic acid biosynthesis, 
Vietra and Shaw, 2507 
Pyridine: Ring, ricinine, biosynthesis, 
Waller and Henderson, 1186 
Pyridine coenzymes: Cilenio and Te- 
deschi, 907 


Pyridine hydroxamic acids: Conversion 
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to amides, liver mitochondria, 
Hirsch and Kaplan, 926 


Pyridine nucleotide(s): Cytochrome 63 
aporeductase, binding, Strittmatter, 
2336 


Maclay, 574 
—, adeosine triphosphate- linked, 
Chance, 154 
, in mitochondria, substrate require- 
ments, Chance and Hollunger, 
1555 
Stability, Lowry, Passonneau, and 
2756 
Succinate-linked reduction, Chance 
and Hollunger, 1534 


poration, isotopically labeled pre- 
cursors, Stollar and Kaplan, 


Pyridoxal: Pyridoxal phosphate and; 
uptake, Ehrlich ascites tumor cells, 
Pal and Christensen, 894 
Pyridoxal phosphokinase(s): Assay, dis- 
tribution, purification, and proper- 
ties, McCormick, Gregory, and Snell, 


2076 
Inhibitors, effects, McCormick and 
Snell, 2085 


Pyridoxine: Metabolism, polyunsatu 
rated fatty acids, role, Kirschman 
and Coniglio, 2200 
Pyridoxine phosphate: Enzymatic oxi- 
dation, Wada and Snell, 
2089 
Pyrimidines: Fluorinated, study, Hart- 
mann and Heidelberger, 3006 
Pyrimidine deoxyribonucleoside diphos- 
phates: Synthesis, enzymes, Esch- 
erichia coli, Bertani, Hdaggmark, 
and Reichard, PC67 


Flavoprotein-catalyzed direct hydro- 
Strittmatter, 2323 
Intra- and extramitochondrial, rela- 
_ 
Measurement, enzymatic cycling, 
Nei Lowry, Passonneau, Schulz, and 
1199 Rock, 2746 
con- Reduced and oxidzied; chromato- 
Bi: graphic separation and recovery, 
ei Pastore and Friedkin, 2314 
1199 Reduction by hydrogen, cofactor re- 
2(a-; Pseudomonas aeruginosa: Cytochrome quirements, Kinsky, Stadtman, and 
oxidase, purification and properties, 
— 
Pyridine nucleotide coenzymes: Incor- 
1863 
Pyridine nucleotide transhydrogenase: 
Kaufman and Kaplan, 2133 
1758 203 
„As- Enzyme formation, purine biosynthe- 
. sis, effect, Levin and Magasanik, 
1917 
and 
coen- Nucleotides, biosynthesis de novo, Pyridoxamine phosphate: Enzymatic | 
rsion, 2. — oxidation, Wada and Snell, 
, and and London, 1442 2089 
PCS Ribonucleotide pyrophosphorylases, 
ation, 166 Streptococcus faecalis, resistance to 
f and Synthesis, intracellular amino acid purine analogues, Brockman, Deba- 
7% concentrations, Eagle, Piez, and vadi, Stutts, and Hutchinson, 
ne HP Levy, 2039 
"lorix —, thyroxine-stimulated, thiouracil | 
27 effect, Paik and Cohen, 531 | 
ohen, | Proteinase: A inhibitor, purification, | 
1404 Martin, 2672 | 
of Protoporphyrin: Formation, mitochon- 
pstigs drial coproporphyrinogen oxidase, 
Sano and Granick, 1173 
‘wee 


Pyrophosphatase: Nucleotide. See Nu- 
cleotide pyrophosphatase 
Pyrophosphate: Ester, 2-methyl-4- 
amino - 5 hydroxymethylpyrimi- 
dine, enzymatic formation, mecha- 
nism, Lewin and Brown, 2768 
Farnesyl. See Farnesyl pyrophosphate 
Thiamine; hydroxyethyl derivative, 
natural occurrence, enzymatic for- 
mation, biochemical significance, 
Carlson and Brown, 2099 
Pyrophosphorylase: Nicotinic acid mon- 
onucleotide, Imsande and Handler, 
525 
Pyrrolase: Liver tryptophan; activation 
and induction in vivo, Greengard 
and Feigelson, 158 
— =; microsomal iron-porphyrin ac- 
tivator, Feigelson and Greengard, 
153 
Pyruvate: Dehydrogenation complex, 
Escherichia coli; resolution and re- 
constitution, Koike and Reed, 
PC33 
Hydroxy-. See Hydroxypyruvate 
2-Keto-6-phosphogluconate, conver- 
sion, Frampton and Wood, 


2571 
Metabolism, Christophe, Jeanenaud, 
Mayer and Renold, 648 


—, tricarboxylic acid cycle, mam- 
malian liver, Freedman and Nemeth, 
3083 
Pyruvate dehydrogenase: Complex, res- 
olution, Gounaris and Hager, 
1013 
Pyruvate kinase: Phosphoryl enzyme 
formation, catalysis, Hass, Boyer, 
and Reynard, 2284 
Reaction kinetics and substrate bind- 
ing, correlation, Reynard, Hass, 
Jacobsen, and Boyer, 2277 
Pyruvate oxidase: Crystalline flavin, 
Williams and Hager, PC36 


Q 


Quinaldic acid: Quinaldylglyeyltaurine, 
urinary metabolite, Kaihara and 
Price, 508 

Quinaldylglycyltaurine: Urinary metab- 
olite, of quinaldic acid and kynu- 
renic acid, Kathara and Price, 

508 


Reductase: Cytochrome b;. See Cyto- 
chrome 6; reductase 

Desmosterol. See Desmosterol re- 
ductase 
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Reductase—Continued 
Dihydrofolic. See Dihydrofolic re- 
ductase 
Folic acid. See Folic acid reductase 
p(—)-Lactic cytochrome c. See Lac- 
tic cytochrome c reductase 
Nitrite. See Nitrite reductase 
Retinene. See Retinene reductase 
Salmonella, study, Armstrong and 
Wagner, 3252 
Reductoisomerase: a-Hydroxy-8-keto 
acid; Salmonella, Armstrong and 


Respiratory chain enzyme: Systems, 
reconstitution, King, 2342 
Reticulocyte: Purine nucleotide biosyn- 
thesis de novo, Lowy, Cook, and 
London, 1442 
Retina: Histochemistry, quantitative, 
Lowry, Roberts, Schulz, Clow, and 
Clark, 2813 
Retinene reductase: Alcohol dehydro- 
genase, comparison, Zachman and 
Olson, 2309 
Rhamnose: L-; Thymidine diphosphate. 
See Thymidine diphosphate L- 
rhamnose 
Thymidine diphosphate. See Thy- 
midine diphosphate rhamnose 
Rhodanese: Action mechanism, polaro- 
graphic study, Green and Westley, 
3037 
Rhodospirillum rubrum: Chromato- 
phores; photophosphorylation stim- 
ulation, coenzyme Q: and Qs, 
Rudney, PC39 
Rhoeo discolor: Tobacco mosaic virus 
ribonucleic acid, infection, Gordon 


and Smith, 2726 
— — —, infection, susceptibility, 
Bawden, 2670 


Ribitol: Aerobacter aerogenes, utilization, 
Wood, McDonough, and Jacobs, 

2190 

Ribonuclease(s): C"-Arginine, incor- 

poration in vivo, Keller, Cohen, and 

and Neurath, 1404 

Escherichia coli ribosomes, purification 


and mechanism, Spahr and Holling- ~ 


worth, 823 
Iodoacetate, conformation and reac- 
tivity, relationships, Stark, Stein, 


and Moore, 436 
Kinetics action, cytidine-2’ ,3’-cyclic 
phosphate, Litt, 1786 


Mononucleotides and, interaction, 
Hummel, Ver Ploeg, and Nelson, 
3168 
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Ribonuclease(s)—Continued 


Pancreas, guinea pig, Bartos and 
Leiel, 1697 
Pancreatic, inhibition by 2“ eytidylie 
acid, Nelson and Hummel, 3173 
—, preferential specificity, study, 

Rushizky, Knight, and Sober, 
2732 


Reduced; oxidation, White, 1353 

—-reoxidized, x-ray diffraction in. 
vestigation, note, Bello, Harker, 
and De Jarnette, 1358 

— subtilisin-modified, enzyme activ. 
ity regeneration, air oxidation, 
Haber and Anfinsen, 422 

S; Carboxyl and amide groups of the 
peptide component, Vitahayathil 
and Richards, 1380 

-—; Iodoacetate, reaction, Vithay- 
athil and Richards, 

Ultraviolet spectral study, acid- and 
base-denatured, Bigelow, 1706 


Ribonucleic acid(s): Adenylic and cyti- 


dylie acids, incorporation, Furth, 
Hurwitz, Krug, and Alexander, 
3317 
Amino acid-acceptor; 3/-hydroxyl 
terminal trinucleotide sequence, 
formation, Preiss, Dieckmann, and 
Berg, 1748 
— — :; isolation, Escherichia coli, 
Ofengand, Dieckmann, and 
— acy] derivatives, enzymic synthesis, 
Berg, Bergmann, Ofengand, and 
Dieckmann, 1726 
Bergmann, Berg, and Dieckmann, 
1735 
Ofengand, Dieckmann, and Berg, 
1741 
Preiss, Dieckmann, and Berg, 
1748 
Amphibian egg, chemical characteris- 
tics, Finamore and Volkin, 443 
Conversion, deoxyribonucleotides in 
vitro, phage induced, Cohen, Barner, 
and Lichtenstein, 1448 
Glutathione and ophthalmic acid syn- 
thesis, nonparticipation, Lane and 
Lipmann, PC80 
Leucyl, valyl, isoleueyl, and methio- 
nyl, formation mechanism, Berg, 
Bergmann, Ofengand, and Dieck- 


mann, 1726 


tion, Escherichia coli, Bergmann, 
Berg, and Dieckmann, 1735 
Liver microsome, uridine nucleotide 
incorporation, Straus and Gold- 
wasser, 849 


Wagner, 2027 
Salmonella, study, Armstrong and 
Wagner, 3252 
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Ribonucleic acid(s)—Continued 
Metal content, “soluble” fraction, 


color infection, Gordon and Smith, 
2762 
Yeast amino acid-acceptor; fraction, 
countercurrent distribution, Doctor, 
Apgar, and Holley, 1117 
Ribonucleoprotein: Tumor, rat (Jen- 
sen sarcoma), hemoglobin, com- 
plexes, Petermann and Pavlovec, 
3235 
Ribonucleoside triphosphate (s): Ribo- 
nucleic acid synthesis, microbial 
enzyme, Weiss and Nakamoto, 
PC18 
Ribonucleotides: Ribonucleic acid in- 
corporation, Hurwitz and Bresler, 
542 
Ribose: Metabolism pathway, poly- 
morphonuclear leukocyte, Stjern- 
holm and Noble, 614 
Ribosomes: Escherichia coli ribonucle- 
ase, purification and action mech- 
anism, Spahr and Hollingworth, 
823 
Ribosyluracil diphosphoglycosyl: 5; 
Compounds, formation, 5-ribosyl- 
uracil triphosphate, Rabinowitz and 
Goldberg, PC79 
Ribosyluracil triphosphate: 5-; 5-ribo- 
syluracil diphosphoglycosyl com- 
pounds, formation, Rabinowitz and 


Goldberg, PC79 
Ricinine: Pyridine ring, biosynthesis, 
Waller and Henderson, 1186 

8 


Saccharomyces cerevisiae: Asparto- 
kinase activity, feed-back inhibi- 
tion and repression, Stadtman, 
Cohen, LeBras, and de Robichon- 
Szulmajster, 2033 

Salmonella: a- Hydroxy- B- keto reducto- 
isomerase, Armstrong and Wagner, 

2027 
Reductoisomerase and reductase, 


study, Armstrong and Wagner, 


Scurvy: Metabolic study, Ganguli and 
979 

Selenium: Metabolism, Escherichia coli, 
Tuve and Williams, 597 
Selenomethionine: Biosynthesis, Tuve 
and Williams, 597 


Serine(s): -Activating enzyme, beef 
pancreas, purification and proper- 
ties, Webster and Davie, 479 

O-Acyl, reactivity and catalysis, 
Anderson, Cordes, and Jencks, 
455 
Hydroxyl group and O-acyl serines, 
reactivity and catalysis, Anderson, 
Cordes, and Jencks, 455 
Moiety, lombricine and serine etha- 
nolamine phosphodiester, configu- 
ration, Beatty, Ennor, Rosenberg, 
and Magrath, 1028 

Serum: Inhibitor, C’l-esterase, partial 
purification, Pensky, Levy, and 
Lepow, 1674 

Sorghum vulgare: Oxynitrilase, purifi- 
cation and properties, Bové = 


Conn, 
Soybean: Seedlings, 2 
oxyacetic acid, oxidation-reduc- 


tion state, effects, Key and Wold, 
549 

Sphingolipids: Biochemistry, Carter, 
Hendry, Nojima, Stanacev, and 
Ohno, 1912 

Spleen: Phosphodiesterase; enzymic 
degradation, properties and action, 
Razzell and Khorana, 1144 

Squalene: Biosynthesis, mechanism, 
farnesyl pyrophosphate and meva- 
lonate, Popjak, Goodman, Corn- 
forth, Cornforth, and Ryhage, 


1934 
Conversion to sterol, liver enzymes, 
study, Goodman, 2429 


Starch: Synthesis, uridine diphosphate 
glucose, Leloir, de Fekete, and 
Cardini, 7 636 

Physical properties, Bailey and Whe- 
lan, 969 

Steroid(s): C2, and isocaproic acid; 
20a-hydroxycholesterol transforma- 
tion, Shimizu, Hayano, Gut, and 

Dorfman, 695 


terone-7-H? and A*androstene-3, 
17-dione-7-H*, Pearlman, 700 
ee study, Wotiz and Mar- 

1312 

intermediates, formation, 
Ryan and Smith, 2207 
-Sensitive aldehyde dehydrogenase, 
liver, Maxwell and Topper, 1032 
Sterol: Squalene conversion, liver en- 
‘zymes, study, Goodman, 2429 
Streptococcus faecalis: Chemical degra- 
dation, cell walls, Ikawa, 1087 
Growth, uptake and hydrolysis, rela- 
tion to utilization of p-alanine 


and Hutchison, 1471 
R; Dihydrofolic reductase, Blakley 
and McDougall, 1163 


—; Preliminary studies, extracts, 
McDougall and Blakley, 832 
Succinate: Aerobic oxidation, liver 
mitochondria, high energy phos- 
phate requirement, Azzone and 
Ernster, 1518 
Linked reduction, pyridine nucleo- 
tide, Chance and Hollunger, 
1534 
Succinic dehydrogenase: Soluble, sar- 
cosomal succinic oxidase, eross- 
reconstitution,” King, 2342 
Succinic diphosphypyridine nucleotide 
oxidase: Ascaris muscle, Kmetec 


and Bueding, 584 
Succinic oxidase: Sarcosomal, succinic 
dehydrogenase, ‘‘cross-reconstitu- 
tion,” King, | 2342 
Succinyl-a-amino-e-ketopimelic acid: 
N-; Gilvarg, 1429 


Succinyl coenzyme A: Propionyl coen- 
zyme A, conversion, new enzyme, 
Mazumder, Sasakawa, Kaziro, and 
Ochoa, PC53 

Succinyl - L - diaminopimelic - glutamic 
transaminase: Peterkofsky and Gil- 
varg, 1432 

Sucrose: Synthesis, acetate in castor 
bean, kinetics and pathway, Can- 
vin and Beevers, 988 

Sugar(s): Coenzyme Bis, identification, 
Hogenkamp and Barker, 3097 
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Sugar(s)—Continued 
Normal blood, levels; maintenance, 
liver, Kay, and Entenman, 1006 
Transport, insulin effect, inhibition, 
N-ethylmaleimide, Cadenas, Kaji, 
Park, and Rasmussen, PC63 
Sulfate: Dehydroisoandrosterone. See 
Dehydroisoandrosterone sulfate 
Estrone. See under Estrone 
Reduction, system, Asahi, Bandurski, 


and Wilson, 1830 

—, sulfite, Wilson, Asahi, and 
Bandurski, 1822 
Sulfatides: Brain and liver; metabolism, 
Bakke and Cornatzer, 653 
Sulfhydryl group(s): Plasma albumin, 
human, King, PC5 


Tuna myoglobins and hemoglobins, 
whale hemoglobin, tobacco mosaic 
i Brown, 


virus, and ovalbumin, 

Martinez, and Olcott, 92 
Sulfite: Sulfate reduction, Wilson, 

Asahi, and Bandurski, 1822 


Sulfite oxidase: Hepatic, purification 
and properties, MacLeod, Farkas, 
Fridovich, and Handler, 1841 

Sulfite oxidation: Free radicals, detec- 
tion, enzymic oxidations, Fridovich 
and Handler, 1836 

Synephrine: Identification, human 
urine, Pisano, Oates, Karmen, 
Sjoerdsma, and Udenfriend, 898 

Synthesis: Fatty acid; adipose tissue, 
Martin, Horning, and Vagelos, 

663 

Starch and oligosaccharide, uridine 
diphosphate glucose, Leloir, de 
Fekete, and Cardini, 636 

Synthetase(s): Carbamyl phosphate. 
See Carbamyl phosphate synthe- 
tase 

Leucyl, valyl, isoleueyl, and methio- 
nyl ribonucleic acid, preparation, 
Escherichia coli, Bergmann, Berg, 
and Dieckmann, 1735 

Thymidylate. See Thymidylate syn- 
thetase 


T 


Testololactone: Al-; Metabolism in vivo, 
Rongone, Segaloff, Fried, and Sabo, 
2624 


Testosterone: 4-C"*-; Metabolism, Sty- 
lianou, Forchielli, and Dorfman, 
1318 
—-—; — in vitro, liver homogenate, 
Stylianou, Forchielli, Tummillo, and 
Dorfman, 692 
Tetrahydrofolate: Oxidation, thymi- 
dylate, enzymatic synthesis, spec- 


Subject Index 


Tetrahydrofolate—Continued 
trophotometric evidence, Whaba 
and Friedkin, PC11 

Synthetic derivative; homocysteine, 
enzymatic methylation, Sakami and 
Ukstins, PC50 

Tetrahydropteridines: Phenylalanine 
hydroxylation, oxidation product, 
Kaufman, 804 

Tetrahydroxycoprostane: 3a, 7a, 12a,- 
24¢-; Oxidation, liver mitochon- 
dria, Whitehouse, Staple, and Gu- 
rin, 73 

Thiamine: Antagonists, a-keto acids, 
oxidation effects, Gubler, 3112 

Biosynthesis, Lewin and Brown, 


2768 

Deficiency, a- acids, oxidation 
effects, Gubler, 3112 
Physiological functions, study, Gu- 
bler, 3112 
Thiamine monophosphate: Enzymatic 
synthesis, Leder, 3066 
Thiamine pyrophosphate: Hydroxy- 


ethyl derivative, natural occurrence, 

enzymatic formation, biochemical 
significance, Carlson and Brown, 

2099 

Thiobarbituric acid: Vitamin A alde- 

hyde; estimation, Futlerman and 


Saslaw, 1653 
Thioester(s): Hydrolysis, liver esterase, 
Drummond and Stern, 2886 


Thioguanine: 6-; Amino acid incorpora- 
tion in vitro, microsomal protein, 
effect, Roy, Kvam, Dahl, and 
Parks, 1158 

Thiouracil: Thyroxine-stimulated pro- 
tein synthesis, effect, Paik and 
Cohen, 531 

Thiourea: Thyroid tissue disulfide bond 
cleavage, Maloaf and Soodak, 

1689 

Threonine: -Activating enzyme, par- 
tial purification, Holley, Brunn- 
graber, Saad, and Williams, 197 

Threonine dehydrase: I-; Purification 
and properties, Nishimura and 


Greenberg, 2684 
Thrombin: Bovine, physicochemical 
properties, Harmison, Landaburu, 
and Seegers, 1693 


Thymidine: Deoxyribonucleic acid; de- 
oxycytidylate, incorporation in vi- 


tro, Maley and Maley, 1806 
-Linked sugars, enzymatic synthesis, 
Glaser and Kornfeld, 1795 
Kornfeld and Glaser, 1791 
Thymidine diphosphate glucose: Korn- 
feld and Glaser, 1791 
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Thymidine diphosphate glucose—Con. 
tinued 
Enzymic synthesis, conversion, thy. 
midine diphosphate rhamnose, Pa- 
zur and Shuey, 1780 
Thymidine diphosphate rhamnose: Thy. 
midine diphosphate glucose, en. 
zymic synthesis and conversion, 
Pazur and Shuey, 1780 
Thymidine diphosphate I-rhamnose: 
Enzymatic synthesis, Glaser and 
Kornfeld, 1795 
Thymidylate: Enzymatic synthesis; tet- 
rahydrofolate oxidation, spectro- 
photometric evidence, Wahba and 
Friedkin, 
Thymidylate synthetase: Inhibition, 
Hartmann and Heidelberger, 


2006 

Purification and properties, Green. 
berg, Nath, and Humphreys, 

2271 

Thymidylic acid: Biosynthesis, Me. 

Dougall and Blakley, 832 

Whittaker and Blakley, 838 


— pathways, bacterial mutants, 

Mantsarinos and Zamenhof, 876 

Thymus: Calf, extracts; preliminary 
studies, Whittaker and Blakley, 

838 

Thymidylate synthetase, _purifica- 

tion and properties, Greenberg, 

Nath, and Humphreys, 2271 

Thyroglobulin: Preparations, evalua- 

tion of homogeneity, Spiro, 


Thyroid: Glucose oxidation, stimuls- 
tion, acetylcholine, Pastan, Herring, 
Johnson, and Field, 340 

Stimulating hormone; diphospho- 
pyridine and triphosphopyridine 
nucleotides, changes, thyroid slices 
in vitro, Pastan, Herring, and 
Field, PC25 

Hormones; O-methyl derivatives, syn- 
thesis and biological activity 
Tomita, Lardy, Johnson, and Kent, 

2981 

Tissue; disulfide bond cleavage, 

thiourea, Maloof and Soodak, 4 
1 

Thyroxin: -Treated tadpoles, synthesis, 
carbamyl phosphate synthetase, 
Metzenberg, Marshall, Paik, and 
Cohen, 162 

Thyroxine: Amino acid incorporation, 
protein, stimulation, Sokoloff ond 
Kaufman, 795 

Binding, human serum albumin, 
Sterling and Tabachnick, 2241 
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Thyroxine—Continued 
Tritsch, Rathke, Tritsch, and Weiss, 
3163 
-Induced metamorphosis; nucleic acid 
and nucleotide metabolism, liver, 
Paik, Metzenberg, and Cohen, 
536 
-Stimulated protein synthesis, thio- 
uracil effect, Paik and Cohen, 
531 
Tissue(s): Adipose, See Adipose tissue 
Calcified; crystal growth effect, fixa- 
tion of Sr® and Ca“, Likins, Pos- 
ner, Paretzkin, and Frost, 2804 
Culture, HeLa cells, growth, oxamic 
acid, effect, Papaconstantinou and 
Colowick, 285 
Lactic dehydrogenase, heart and liver 
dehydrogenase, antisera, reaction, 
Nisselbaum and Bodansky, 401 
Mammary, amino acids, activation, 
Bucovaz and Davis, 2015 
—, glucose metabolism in vitro, 
Goodfriend and Topper, 1241 
Wound, regeneration; nucleic acid 
metabolism, Williamson and Guschl- 
bauer, 1463 
Tobacco: Leaves, organic acid metabo- 
lism; potassium L,-isocitrate, ex- 
cised leaves culture, effect, Vickery 
and Hanson, 2370 
Mosaic virus; Rhoeo discolor, infec- 
tion susceptibility, Bawden, 2760 
— — ribonucleic acid, Rhoeo dis- 
color infection, Gordon and Smith, 


2762 
— —, sulfhydryl, Brown, Martinez, 
and Olcott, 92 


Toxins: Identification, starch gel elec- 
trophoresis, Master and Rao, 
1986 
Transaldolase: Action mechanism, Ven- 
kataraman and Racker, 
1876, 1883 
Exchange reaction, fructose 6-phos- 
phate, formation, Ljungdahl, Wood, 
Racker, and Couri, 1622 
Transamidinase: Activity, restoration 
following creatine repression, Wal- 
ker, 493 
Kidney, vitamin E deficiency, reduc- 
tion mechanism, Fitch, Hsu, and 
Dinning, 490 
Transaminase: y-Aminobutyrate. See 
Aminobutyrate transaminase 
y-Aminobutyric-a-ketoglutaric acid, 
inhibition, Baxter and Roberts, 
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Transaminase—Continued 
Tyrosine-a-ketoglutarate. See Tyro- 
sine-a-ketoglutarate transaminase 
Transcarbamylase: Ornithine. See Or- 
nithine transcarbamylase 
Transcarboxylase: Acyl coenzyme A- 
malonyl coenzyme A, wheat germ, 
Hatch and Stumpf, 2879 
Transferase: Hydroxyindole-O-methyl. 
See Hydroxyindole-O- methyl trans- 
ferase 
Liver acetyl. See Liver acetyl trans- 


ferase 


Transphosphorylase(s): 
monophosphate. See Adenosine 
monophosphate transphosphorylase 

-Catalyzed reaction, adenosine tri- 
phosphate-creatine-; kinetic prop- 
erties and equilibrium constant, 
NVihei, Noda, and Morales, 3203 

Nucleotide, liver, Chiga, Rogers, and 
Plaut, 1800 

Triamcinolone: Synthetic corticosteroid, 
metabolic fate, Florini, Smith, and 
Buyske, 1038 

Triamcinolone-H?: Hydrocortisone-4- 
C“, plasma protein binding, Flo- 
rini and Buyske, 247 

Tricarboxylic acid: Cycle, mammalian 
liver, pyruvate metabolism, Freed- 
man and Nemeth, 3083 

Trichloroacetic acid: Glycogen, removal 
from tissues, Roe, Bailey, Gray, 
and Robinson, 1244 

Triglyceride(s): Biosynthesis, adipose 
tissue homogenates, Steinberg, 
Vaughan, and Margolis, 1631 

Neutral, analogous to neutral plas- 
malogens, Eichberg, Gilbertson, and 
Karnovsky, PC15 

Synthesis, diglycerides, specificity, 
adipose tissue, Goldman and Vage- 
los, 2620 

Trihydroxycholanic acid: 3a,68,12a-; 
Deoxycholic acid, new metabolite, 
partial synthesis, Ratliff, Matschi- 
ner, Doisy, Hsia, Thayer, Elliott, 
and Doisy, 685 

Trihydroxycoprostane: 3a, 7a, 12a-; Oxi- 
dation, liver mitochondria, White- 
house, Staple, and Gurin, 73 
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Trihydroxycoprostanic acid: Metabo- 
lism; formation from cholesterol; 
conversion to cholic acid and carbon 
dioxide, in vitro, liver mitochondria, 
Briggs, Whitehouse, and Staple, 

688 

Trihydroxy-24-ketocoprostane: 3a,7a, 
12a-; Oxidation, liver mitochondria, 
Whitehouse, Staple, and Gurin, 

73 

Trinitrophenyl: Enzyme, properties; 
enzyme free from divalent cations, 
Kitagawa, Yoshimura, and Tono- 


mura, 902 
Triphosphatase: Adenosine. See Aden- 
osine triphosphatase 
Triphosphate: Adenosine. See Adeno- 
sine triphosphate 


Ribonucleoside. See Ribonucleoside 
triphosphates 
5-Ribosyluracil. See Ribosyluracil 
triphosphate 
Triphosphate nucleosides: 8-Azagua- 
nine, 6-thioguanine, and 6-mercap- 
topurine, amino acid incorporation 
in vitro into microsomal protein, 
effect, Roy, Kvam, Dahl, and 
Parks, 1158 
Triphosphohistamine nucleotide: En- 
zymic formation, Abdel-Latif and 
Alivisatos, 2710 
Triphosphopyridine nucleotide: Diphos- 
phopyridine and, reduced; com- 
parative study, Foster and Bloom, 
2548 
nucleotide and: 
changes, thyroid stimulating hor- 
mone in thyroid slices in vitro, 
Pastan, Herring, and Field, 
PC25 
Reduced; Cholesterol side-chain 
cleavage, adrenal cortex, Halkers- 
ton, Eichhorn, and Hechter, 374 
-Specific nitrite reductase, Escherichia 
coli, Lazzarini and Atkinson, 
3330 
Tritium: Labeling method, Ci and 
Cu steroid hormones, at C- ; pro- 
gesterone 7-H? and v‘-androstene- 
3,17-dione-7-H?, Pearlman, 
700 
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Trypsin: Chromatographic study, Cole 
and Kinkade, 2443 
Products formed by action on insu- 
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Preliminary Communications 
Synthesis of Pyrimidine Deoxyribonucleo- Tasue I 
Requirements for deoryCDP formation with Fraction B 
side Diphcsphates with Enzymes from The complete reaction mixture contained 0.04 mole of CDPH? 
E'scherichia coli“ (3 X 10° c.p.m. per amole), 0.5 umole of ATP, 1.5 moles of MgCl, 
0.2 umole of reduced pt-lipoic acid, 2.5 wmoles of Tris-HCI buffer, 
L. ExizaBetn Bertani,f AGNETA HAGGMARK,} AND pH 7.85, 0.1 umole of mercaptoethanol, and 0.11 mg of Fraction B, 
Peter Reicnarpt in a final volume of 0.1 ml. 


The solution was incubated for 10 minutes at 37°, the reaction 
was stopped with 1 ml of u HCiO., and the amounts of deoxy- 
cytidine phosphates formed were determined as described earlier 


From the Department of Chemistry I, Karolinska Institutet, 
Stockholm 60, Sweden 


(Received for publication, July 5, 1961) (1). 

Extracts from Escherichia coli B contain enzymes which trans- @ututen Addition ey 
form cytidine phosphate to deoxycytidine phosphates in the formed 
presence of adenosine triphosphate, Mg“, and reduced tri- 
phosphopyridine nucleotide (1). Indirect evidence obtained sug- None 2.75 
gested that the transformation of the ribosyl to deoxyribosyl Tritium-labeled 
compound occurred at the diphosphate level. . Tritium-labeled CMP, 00 0.25 

This report presents results with purified enzyme fractions. umole 
The bacterial extract was treated with streptomycin (0.3 mg per Tritium-labeled 
mg of protein) and centrifuged. Acetic acid ( was then added NR Tritium-labeled CTP, 0.04 0.73 
to the supernatant solution to give a final pH of 4.6 to 5.0. This umole 
sulted in the separation of two protein fractions, both of which Ik None 0.06 
were required for optimal formation of deoxycytidine phosphates —— 3 „ —— — 
fom CMP. A similar separation was earlier observed by Moore Lipoie eRe TPNH, 0.14 mol 0.04 
and Hurlbert (2) with enzymes from Novikoff hepatoma. ae. : 


Both protein fractions were further fractionated (final purifi- 
cation, 100- to 200-fold). The pH 5 supernatant solution (Frac- requirements for ATP, Mg**, and reduced lipoic acid. TPNH 
tion A) first was treated with ammonium sulfate, and the ma- (0.14 to 1.4 mm), DPNH (0.14 to 1.4 mm), different combina- 
terial precipitated between 40 and 52.5% saturation, then was tions of reduced and oxidized pyridine nucleotides, glutathione 
chromatographed on DEAE-cellulose’ (active fraction eluted (0.6 to 6 mm), ascorbic acid (0.05 to 0.15 mu), 2,3-mercaptopro- 
with 0.05 M phosphate buffer, pH 7.4). panol (0.05 to 1 mm), or oxidized lipoic acid (0.25 to 1.0 mm) 

The pH 5 precipitate was chromatographed on DEAE-cellu- could not substitute for reduced lipoic acid. FADH, (0.07 to 
lose (eluted with 0.3 M phosphate, pH 6.9) and then fractionated 0.21 mM) or reduced flavin mononucleotide (0.025 to 0.5 mm), 
with ammonium sulfate. The material precipitating between obtained either by reduction with Pt + H, or with dithionite, 
45 and 55% saturation (Fraction B) was used in the experiments and added under anaerobic conditions, was also completely in- 
recorded in Tables I to III. active. 

With the most purified preparations, there was a requirement The finding of a requirement for reduced lipoie acid is sur- 
for both enzyme fractions, when CMP was the substrate for the prising in this type of reaction. At the present time, the pos- 
reaction. However, with CDP as substrate, the requirement sibility cannot be excluded that the effect is indirect and is 
for Fraction A disappeared. On the DEAE-cellulose chromato- mediated by flavins bound to the enzyme preparation. Such 
gam “Fraction A activity” coincided with CMP kinase, and flavins would not necessarily react with FADH; or reduced 
it is concluded that the activity of Fraction A depended on its flavin mononucleotide added to the reaction mixture. 
tontent of CMP kinase. The requirement for ATP and Mg“ leads us to postulate the 

Some of the results obtained with Fraction B alone are sum- formation of an “activated” intermediate during the reductive 
marized in Table I. It seems that CDP was the preferred sub- process, such as CDP phosphorylated, pyrophosphorylated, or 
strate for the reaction, little activity being observed with either adenylated in position 2’. 

CMP or CTP. The reaction showed, furthermore, absolute Fraction B also catalyzed the formation of deoxyuridine phos- 

0 was 8 b nts from the Swedish phates from UDP (Table II). Itis again apparent that the di- 
Medical Research Council und from the Damon Runyon Memorial phosphate was the substrate for the enzyme and that UMP and 


Fund for Cancer Research (Grant No. DRG-470A). UTP were relatively inert. In a dilution experiment with non- 
a r Research * ong the National Cancer Insti- | abeled deoxyUDP (not shown here), similar to that carried out 
‘ational Institutes of Healt 
Present Address, Department of Physiological Chemistry, —.— with — it was found that deoxy UDP was 
Uppsala University, Uppsala, Sweden. product o the reaction. * 
'Serva Entwieklungs labor, Heidelberg, Western Germany. With a highly purified polymerase preparation from E. coli, 
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Taste II 
Formation of deoxyuridine phosphates from 
different uridine phosphates 

The reaction mixture contained the different Ci. uridine nucleo- 
tides (11 X 10° C. p. m. per umole) together with 0.5 umole of ATP, 
1.2 umoles of MgCls, 0.34 wmole of reduced lipoic acid, 2.3 wmoles 
of Tris-HCl buffer, pH 7.85, 0.1 umole of mercaptoethanol, and 
0.16 mg of Fraction B, in a final volume of 0.1 ml. The solution 
was incubated for 10 minutes at 37°, and the reaction was stopped 
by heating in a boiling water bath for 3 minutes. M HCl (0.3 ml) 
was added, and the solution was heated at 100° for 10 minutes to 
break pyrophosphate bonds. HCl was removed under reduced 
pressure, the residue was dissolved in a small amount of water 
and chromatographed on paper (3). The radioactivities in the 
UMP and deoxyUMP areas were measured directly in a Packard 
Tri-Carb counter. From these values the amounts of deoxy UMP 
formed could be calculated. 


— 


Substrate Deoxyuridine phosphates formed 
mumol e 
UMP, 28 mamoles 0.003 
UDP, 36 mamoles 0.340 
UTP, 38 mumoles........... . 0.024 
TABLE III 


Stoichiometry of deoryUT Pase reaction 

The reaction mixture contained 0.2 mole of deoxyUTP, 5 
umoles of Tris-HCl buffer, pH 7.65, 1 wzmole of mercaptoethanol, 
and 0.6 mg of Fraction B in a final volume of 0.1 ml. After incu- 
bation for 60 minutes at 37°, the reaction was terminated by heat- 
ing in a boiling water bath. One aliquot of the solution was chro- 
matographed on paper (5), and deoxyUMP and deoxyUTP were 
determined, after elution, by their ultraviolet absorbancy. 
Another aliquot was acidified with HClQ,, and nucleotides were 
removed by adsorption to Norit. This aliquot was used for the 
determination of inorganic phosphate and pyrophosphate (6). 


Component measured Initial Final Net Change 
umol e umole pmole 
DeoxyUTP.............. 0.20 0.02 —0.18 
DeoxyUMP............. 0.04 0.20 +0.16 
Pyrophosphate.......... 0.09 0.25 +0.16 


Bessman et al. (4) have shown that deoxyUTP may substitute 
for TTP in DNA synthesis. The absence of uracil from natu- 
ral” DNA was thought to be explained by the absence of an 


enzyme capable of phosphorylating deoxyUMP to deoxyUTP. 


From our results it appears, however, that E. coli contains an 
enzyme which catalyzes the formation of deoxy UDP from UDP. 
In separate experiments (not shown here), we have also found 
that deoxyUDP is phosphorylated to deoxyUTP by a kinase 
from E. coli, possibly identical with nucleoside diphosphate 
kinase. 

We have now obtained evidence for an enzyme in Fraction B 
which catalyzes the formation stoichiometrically of deoxy UMP 
and pyrophosphate from deoxyUTP (Table III). The absence 
of uracil in DNA may thus not only be due to the lack of an 
enzyme which phosphorylates deoxy UMP to deoxyUTP but 
also to the presence of an enzyme which specifically cleaves 
deoxyUTP. This enzyme, which did not require Mg** for its 
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action, showed no activity towards UTP, CTP, TTP, or deoxy. 
CTP (all tested at 2 mm concentration). 

The following scheme could account for the reactions leading 
to the enzymic synthesis of thymine in DNA: 


TMP — TTP — DNA 


7 
UMP deoxy UMP 
PP 
UDP — deoxyUDP 
UTP deoxy UT P —— 
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The Metabolism of 19-Hydroxycorticos- 
terone: Isolation and Characterization 
of Three Metabolites* 


Maurice M. Pecuet, Heinz KonLER, Kerin YareEs, ann 
WAN 


From the Research Institute for Medicine and Chemistry, 
Cambridge, and the Massachusetts General Hospital, 
Boston 14, Massachusetts 


(Received for publication, July 5, 1961) 


In this report we describe the isolation of three metabolites of 
19-hydroxycorticosterone (I), 5a-(4,5)-dihydro-19-hydroxy- 
corticosterone (Ila), 3a-hydroxy-5a-(4,5)-tetrahydro-19-hy- 
droxycorticosterone (IIIa), and 3a-hydroxy-58-(4,5)-tetra- 
hydro-19-hydroxycorticosterone (IVa), from the mixture 
obtained by incubation of 19-hydroxycorticosterone with rat 
liver homogenates. In addition, we record the synthetic prepars- 
tion of 5a-(4,5)-dihydro-19-hydroxycorticosterone (IIb) and 
3a - hydroxy - 5a - (4,5) - tetrahydro - 19 a mm 
(IIIb). 

19-Hydroxycorticosterone (m. p., 150-159°; las? + 214°); 
which was synthetically prepared in our laboratories (1), was 
incubated with a homogenate of rat liver, enzymatically reduced 


* This work was supported in part by a grant (Public Health 
Service Grant A-1156) from the National 3 of Arthritis and 
Metabolic Diseases of the National Institutes of Health. 

1 Melting points (uncorrected) were determined on a Kofler type 
hot stage. Infrared spectra were determined with an Infracord 
model 137 spectrophotometer. Microanalyses were performed by 
Dr. Alfred Bernhardt, Max Planck Institute, Mulheim, Germany. 
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triphosphopyridine nucleotide and a reduced triphosphopyridine 
nucleotide-generating system (2) for 3 hours at 37° under 
nitrogen. The homogenate was then extracted with organic 
solvents, and the extracts were chromatographed on paper with 
the aqueous diethylacetamide system No. 7 (3). 

Compound IIa migrated with an Risuo-s = 1.75? and gave 
positive color tests with blue tetrazolium chloride (4) and Zim- 
mermann’s dinitrobenzene reagent (5), and there was no absorp- 
tion in the ultraviolet. Compound IIIa migrated with Risxo-s 
= 0.30 and gave a positive color test with blue tetrazolium 
chloride and a negative test with Zimmermann’s reagent. There 
was no absorption in the ultraviolet, and the compound did not 
form a digitonide derivative. Compound IVa migrated with 
Risuo-8s = 0.52 and gave a blue color with blue tetrazolium 
chloride and a negative test with Zimmermann’s reagent. 
There was no absorption in the ultraviolet, and the compound 
did not form a digitonide derivative. These compounds were 
eluted from paper chromatograms and further purified by 
chromatography over Al,Os. 

Compound IIa was recrystallized from moist acetone (m.p. 
(prisms), 185-193°; Fes“, 3700, 3500, 1710 em-). For 
comparison, 5a-(4,5)-dihydro-19-hydroxycorticosterone (IIb) 
was prepared by reduction of synthetic 19-hydroxycorticosterone 
(I) over PtO, in acid solution, crystallized from moist acetone 
(m.p. (prisms), 187-197°; [as + 150° (CH,OH, C = 0.330); 
Risso-n = 1.80; Veen, 3700, 3500, 1710, 1080, 1050, 990, 905 
emol; mixed m. p. with IIa, 173-193°). The configuration of IIb 
at carbon 5 was determined from measurements of the quantita- 


* Risuo-p = distance traveled by sample relative to 19-hydroxy- 
corticosterone (19HO-B) on paper chromatograms scanned with 
blue tetrazolium. 


M. M. Pechet, H. Kohler, K. Yates, and J. Wan 
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tive Zimmermann chromogen reaction rate (6). Compound IIb 
gave a curve characteristic of a 5aH-3-ketone (optical density at 
470 my after 30 minutes for IIb, 0.102; for 5a-(4,5)-dihydro- 
cortisol, O. 103; and for 58-(4,5)-dihydrocortisol, 0.055). Com- 
pounds IIa and IIb were identical. 

Compound IIIa was crystallized from moist acetone (m. p. 
(prisms), 207-212°; + 136° (CHCl; C = 0.132); 
3700, 3450, 1710, 1360, 1080, 950, 905 em-). For eomparison, 
the 3a-hydroxy-5a-(4,5)-tetrahydro-19-hydroxycorticosterone 
(IIIb) was prepared by reduction of synthetic 19-hydroxy- 
corticosterone over PtO, in acidic solution (m. p. (prisms from 
moist acetone), 199-213°; [a]? + 137° (CH,OH, C = 0.378); 
Feu, 3700, 3500, 1710, 1360, 1080, 1040, 950, 905 em-). 


Calculated: C 68.8, H 9.35 
Found: C 68.4, H 9.62 


The mixed melting point with IIIa was 196-209. The syn- 
thetically prepared 5a-(4,5)-dihydro-19-hydroxycorticosterone 
(IIb) was reduced over PtO; in acidic solution to IIIb. Since 
ITb had been shown to be of the 5aH series, the configuration of 
IIIb at 5 is thus of the 5aH series. Compounds IIIa and IIIb 
were identical. 

Compound IVa was crystallized from moist acetone (m.p., 
212-215°; [als + 172° (CH,OH, C = 0.076); Veen, 3700, 3500, 
1708, 1080, 990, 960 cm-'). The tetrahydro compound IVa is 

The isolation and characterization of 5a-(4,5)-dihydro-19- 
hydroxycorticosterone (IIa), 3a-hydroxy-5a-(4,5)-tetrahydro- 
19-hydroxycorticosterone (IIIa), and 3a-hydroxy-58-(4,5)- 
tetrahydro-19-hydroxycorticosterone (IVa) demonstrate that 
ring A-reduced products with both A/B trans (5a) and A/B 
cis (58) in configuration are formed during incubation of 19- 
hydroxycorticosterone with rat liver homogenates. No com- 
pounds were isolated in these studies which would indicate that 
elimination of the 19-hydroxy] group and aromatization of ring A 
had occurred. 
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A Novel Mechanism for the Biosynthesis 
of Unsaturated Fatty Acids* 


TER SCHEVERBRANDT, HOWARD GoLpFINE,t Pau 
E. Baronowsky,{ AND KONRAD BLocu 


From the James Bryant Conant Laboratory, Harvard 
University, Cambridge, Massachusetts 


(Received for publication, July 5, 1961) 


In animal tissues (1) and yeast (2), oleic and palmitoleic acids 
are formed by desaturation of the corresponding saturated 
fatiy acids. In yeast, these oxidative transformations require 
both molecular oxygen and reduced triphosphopyridine nucleo- 
tide (2). Realizing that an essential process requiring molecular 
oxygen cannot operate in anaerobic bacteria, we have con- 
sidered alternative, anaerobic pathways for the synthesis of un- 
saturated fatty acids. One of the possibilities, an anaerobic 
dehydrogenation of the corresponding saturated fatty acids, has 
been ruled out; growing cells of Lactobacillus plantarum or 
Clostridium butyricum do net convert palmitate or stearate to 
unsaturated acids (3). 

A clue to the nature of the anaerobic mechanism was obtained 
in a study of the metabolism of homologous saturated fatty acids 
in C. butyricum. In this organism, octanoate and decanoate 
serve as precursors of both saturated and unsaturated long chain 
acids, whereas laurate and the acids of greater chain length are 
converted almost exclusively to saturated fatty acids, all these 
processes involving primarily chain elongation (3). This sug- 
gested separate routes from the acids of medium length to the 
long chain saturated and unsaturated acids, the branch point 
occurring at the Cio and possibly also at the Cs stage. 

The monounsaturated acids of C. butyricum consist of two 
pairs of isomers, A’- and A*-hexadecenoic acids, and A“ and A"- 
octadecenoic acids.“ To account for these structures, we propose 
the mechanism shown in the figure. It involves C: addition to 
octanoate or decanoate, followed by a 6,7 elimination of water 
from the presumed 8-hydroxy acid intermediates and addition of 
further C: units without reduction of the double bond. As the 
C, units are added, the distance between the double bond and the 
carboxyl end of the molecule increases. The data in Table I 
provide experimental support for this mechanism. 

C. butyricum was grown in the presence of octanoate-1-C™ 
and decanoate-1-C™ and harvested as described previously (3). 
The whole cells were saponified at reflux temperature in 5% 
potassium hydroxide (weight per volume)-50% methanol 
(volume for volume) for 2 hours under nitrogen. The fatty 
acids were isolated by standard extraction procedures. The 
average composition of the long chain fatty acids (% of total 
weight) was: Ciz, 0.6; Cis, 5.0; an unidentified fatty acid, pos- 
sibly a C,5-cyclopropane acid, 9.5; C16, 42.6; monounsaturated, 
17.0; Cweyclopropane acid, 9.1; Cis, 2.8; Cis-monounsaturated, 


* Supported by grants-in-aid from the National Science Foun- 
dation, the United States Public Health Service, the Life 
Insurance Medical Research Fund, and the Eugene Higgins Trust 
Fund of Harvard University. 

t Scholar of the American Cancer Society. 

t Predoctoral Research Fellow of the Division of General 
Medical Sciences, National Institutes of Health. 

1 Unpublished experiments. 
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TABLE I 


C. butyricum was grown as described previously (3) for 36 hours 
in the medium of Broquist and Snell (4) with the addition of 02 
me of octanoate-1-C" or decanoate-1-C"™. In the experiment with 
octanoate, the yield of total fatty acids was 31 mg, and they 
contained 0.17% of the added radioactivity. In the experiment 
with decanoate, the total fatty acids (35 mg) contained 2.63% of 
the added radioactivity. The methods used for determining 
specific activities are described in greater detail in other papers 
from this laboratory (3). The results of individual determing. 
tions are given, but additional determinations and an analysis 
of the sources of error indicate that the over-all standard devia. 
tion of the specific activities is +20%. 


Speciſic activities 
Cellular fatty acids isolated nn 
Octanoate-1-C | Decanoate-1-Cu 
c. p. m. / ug 
Hexadecenoic acids 
Before oxidation............... 16 60 
Oxidation products 
C;-dicarboxylic acid......... 0 187 
C»-dicarboxylic acid 25 3 
C7-monocarboxylic acid 0 0 
Cy-monocarboxylic acid 5 0 
Octadecenoic acids 
Before oxidation............... 12 70 
Oxidation products 
C,-dicarboxylic acid 0 195 
Ci:-diearboxylie acid........ 18 12 


3.2; Ci9-cyclopropane acid, 4.5; and two other unidentified acids, 
5.5. 

After gas chromatographic separation, the hexadecenoate and 
the octadecenoate fractions, each consisting of the two isomers 
described above, were individually oxidized by a micro adaptation 
of the KIOy-KMn0O, procedure (5), and the pairs of dicarboxylic 
acids resulting in each case were separated by gas chromatog: 
raphy of the dimethyl esters. The relative proportions of these 
esters indicated that the monounsaturated fatty acid isomers 
were present in the following ratios: A’-hexadecenoic acid to 
A®-hexadecenoic acid, 60:40; and A®-octadecenoic acid to 
octadecenoic acid, 37:63. When octanoate-1-C™ was the 
precursor, only the Cy-dicarboxylic acid from the Kexadecenoie 
acids and the C,,-dicarboxylic acid from the octadecenoic acids 
were radioactive, whereas in the experiment with decanoate-l- 
Ci, Ci was found predominantly in the C7-dicarboxylie acid 
from the hexadecenoic acids and in the Ce dicarboxvylie acid from 
the octadecenoic fraction. 

These data rule out the direct interconversion of double bond 
isomers, and show that octanoate is the precursor of the un- 
saturated acids which contain the double bond between carbon 
atoms 7 and 8, and that decanoate is the precursor of the two 
corresponding isomeric acids which have the double bond between 
carbon atoms 9 and 10, counting from the methyl end of the 
molecule in each case. It will be seen that the eventual location 
of the double bond is determined by the length of the medium 
sized acid at the point where the pathways to saturated and 


?W. J. Lennarz, G. Scheuerbrandt, and K. Bloch, J. Biol. 
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* 
CH;—(CH:);—CH=CH—CH.—COOH 


| +2 
* 
CH,—(CH:);—CH=CH— CH.) - COOH 
t 
HOOC—(CH:);—COOH 
¢ +C> 


CH;—(CH:);—COOH 


4 


* 
CH- CH=CHCH). COOH 
t 


* 
HOOC— (CH) COOH 
+ * 
CH;— (CH:) COO 
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CH. (CH.) - CH- (CH) COOH 
t 
0 
HOOC—(CH:);—COOH 


t 


HOOC -CH) - COOH 
> + 
CH. (CH) CH- COOH 


Fic. 1. Conversions of octanoate-1-C" and decanoate-3-C™. *, originates from carbon | of octanoie acid; @, originates from ear- 
bon 1 of deeanoic acid; f, chemical degradation with K IO KMIn0, (5). 


unsaturated acids diverge. Since the chain length of this inter- 
mediate is variable, more than one double bond isomer can be 
produced. This is in contrast to the oxidative mechanism of 
yeast, which uses the corresponding long chain saturated fatty 
acid as precursor and affords only a single monounsaturated acid. 

The monocarboxylic acids resulting from the degradation of the 
hexadecenoic acids were also chromatographed in the vapor phase, 
and their C contents were analyzed. The proposed mechanism 
for the synthesis of the unsaturated long chain acids leads to the 
prediction that no radioactivity would be found in these degrada- 
tion products. The data in the table show this to be true in all 
but one case. The nonanoic acid but not the heptanoic acid 
isolated on degradation of the Cie-unsaturated fraction from 
cells grown with octanoate-1-C™ had a small, but measurable 
amount of C. This can be explained by the conversion of 
octanoate-1-C™ to decanoate-3-C™ in the cells followed by 
transformation to the A?-C,.-unsaturated acid (see Fig. 1). 

The present findings provide a mechanistic basis for the 
observations of Hofmann et al. (6) that acids of the general 
structure CH;(CH.),;CH =CH(CH:,),,COOH can replace vaccenic 


acid as growth factors for lactobacilli on biotin-free media. 
These authors have in fact made the suggestion that the bio- 
synthesis of unsaturated fatty acids in bacteria may . . . involve 
elongation of a carbon chain of an already unsaturated or 
potentially unsaturated precursor.” 

An anaerobic pathway not involving dehydrogenation of long 
chain saturated fatty acids has been demonstrated also in L. 
plantarum, Escherichia coli and two species of Sarcina.' It is 
therefore probable that the above mechanism is generally 
employed by members of the order Eubacteriales. 
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The Enzymology of Virus- infected Bacteria Tas.e I 
Relative activities of dGMP, dTMP, and dHMP_ kinases in 
; III. EVIDENCE FOR THE FORMATION OF A several preparations 
TRIFUNCTIONAL DEOXYNUCLEOTIDE The preparations represent fractions obtained from several 
| KINASE* fractionation schemes being investigated in our laboratory. The 
fractions were assayed as described in the text, and the incubation 
| Mavrice J. BessMan anv Leonarp J. BELLot mixtures contained the following constituents in 1.00 ml: dGMP. 
dTMP, or dHMP, 0.75 wmole; MgCl., 10 wmoles; Tris, pH 7.5, 100 
From the McCollum-Pratt Institute, The Johns Hopkins umoles; ATP, 5 wmoles; KCI, 80 Amoles; DPNH, 0.2 molle; phos. 
i University, Baltimore 18, Maryland} phopyruvate, I mole; lactic dehydrogenase containing pyruvate 
| kinase (Sigma Chemical Company), 161 Kg. and enzyme, 1 to § | 
i (Received for publication, July 10, 1961) units (7). 
Recent evidence strongly suggests that the increased activities Preparation — dGMP/dTMP dGMP/dHMP 
of deoxyguanylate and deoxythymidylate kinases, measur able | — 
soon after infection with T2 bacteriophage (2, 3), are due to the Crude ext (W.... l 1.3 1.9 
formation of new proteins distinguishable from the enzymes Streptomweinn Aging 3 1.3 2.2 
which catalyze the same reactions in the uninfected cell (1, 4). 5 
In this paper, preliminary evidence is presented which is — e * 85 100 111 * 
consistent with the hypothesis that the dGMP kinase and 
dTMP kinase activities formed after infection of Escherichia The relative purity is based on the specific activities of the 
coli with T2 bacteriophage are associated with one protein. This enzyme preparations. The specific activity is the units of dGMP 
is in marked contrast to the dGMP and dTMP kinases of normal _ kinase per milligram of protein. 
cells (5)! which are easily separated individual enzymes. Also, t DEAE-cellulose I resulted from chromatography of the strep- 
5-hydroxymethyldeoxycytidylate kinase, which is demonstrable tomycin fraction at pH 6.2; DEAE-cellulose II was prepared 
in H. coli only after infection with the T-even bacteriophages (3, from I by rechromatography at pH 8.1. 
6), appears to be associated with this same protein fraction. 57° follows first order kinetics, and all three activities appear to be 
The first indication that (GMP, dTMP, and dH MIP kinases — jnactivated at the same rate. 
are associated with one protein or three very closely related Preliminary data (not shown) indicate that the three substrates 
7 proteins stems from data presented in Table I. Fractions puri- are competitive inhibitors of each other. In a survey of other 
| fied up to 100-fold with respect to (GMP kinase activity showed possible substrates or inhibitors, 5-bromodeoxyuridylate was 
1 proportionate purification of the other two kinases, as demon- phosphorylated at approximately 85% the rate of dGMP, 
; strated by the constancy of the ratios of the three activities. whereas the following compounds were phosphorylated at 10% 
i All assays in this, as well as in the other experiments, were or less of the rate of (GMP and showed less than 20% inhibition | ™ 
performed spectrophotometrically by measuring the oxidation of of the phosphorylation of (GMP when assayed at the same con- : 
DPNH with the coupled lactie dehydrogenase-phosphopyruvate — centration: dUMP, 5-bromo-dCMP, dCMP, dIMP, GMP, I p 
kinase assay (S) as a measure of the ADP formed in the following deoxyguanosine, and deoxyxanthylate. Under the conditionsof | 4 
: reaction 3 this assay, activities or inhibitions of this magnitude are not th 
IP * considered reliable. 
— = Finally, the data in Table II demonstrate that the activities : 
| . dTMP + ATP = dATDP + ADP measured against the three substrates are not additive as would a 
or or be expected for three separate active sites. The last line of 
| dHMP dHDP Table Il indicates that the assay system would have been capable [© 
“A second line of evidence is the similarity of the heat inactiva- f — 
tion curves of the three activities. In Fig. 1, the inactivation at dTMP, and dHMP kinases are situated on 1 protein moleedle ti 
1 * The preceding paper in this series is designated in reference The third experiment is consistent with the hypothesis that the 
1 (1). three substrates share, in whole or in part, the same catalytic * 
A contre t= of the National Cancer Institute, National site on a single protein molecule. These results may be ey. 
t Contribution No. 341 of the McCollum-Pratt Institute. This plained as well by —— that the activities 8 associated T 
1 investigation was supported by a Grant (No. C-4088) from the with three very similar, separate, protein molecules, but this s | fr 
q National Cancer Institute, National Institutes of Health. less likely in view of the specificity for the three compounds as | ov 
—— — E. coli both substrates and inhibitors. 
old. is fraction has 1 ‘table ac ~ MP. 
The abbreviations used are: dHMP, S-hydroxymethyldeoxy. S*veral interesting questions are posed by these 
} cytidylate; dHDP, 5-hydroxymethyldeoxyeytidine diphosphate. he of which relates to the investigation of K. coli cells in 
J 3 Over 95% of the phosphorylated product in each of the reae- with T5 bacteriophage. In cells infected with T5. dGMP and 40 
tions has been characterized as the respective deoxynucleoside dT MIP kinases increase after infection as with the T-even phages; d’ 
: diphosphate. In the spectrophotometric assay, however, most but d(CMP kinase also increases, whereas dHMP kinase is absent J 
5 of the diphosphate is converted to the triphosphate by the prru (2, 3). In this instance it may also be asked if all three activities dt 
: vate kinase or nucleoside diphosphate kinase present in the lactic g . 
1 dehydrogenase preparation so that 2 molecules of DPNH are will appear associated with one protein. 40 
i oxidized per molecule of deoxynucleotide phosphorylated. The attempted resolution of the three activities in extracts of J d 
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MINUTES AT 57°C 

Fic. 1. Heat inactivation of (GMP, dTMP, and dHMP kinase 
activities. Of an ammonium sulfate fraction, 75 wg, purified ap- 
proximately 100-fold from extracts of T2-infected E. coli in respect 
to dGMP kinase activity, were heated at 57° in 1.5 ml of 0.1 M 
potassium phosphate buffer, pH 7.1. At the indicated times, 
aliquots were pipetted into prechilled tubes and then assayed for 
the respective activities as described in Table I. 


T2-infected cells is being continued. Although the hypothesis 
that the three activities are associated with one catalytic site 
or 1 protein molecule can never be rigorously proven, the ac- 
cumulation of data and continued purification should lead to a 
correct decision as to the identity or nonidentity of the three 
activities. If further work supports these preliminary observa- 
tions, the infecting T2 phage particle induces the formation of 


II 

Nonadditivity of dGMP, dTMP, and dHMP kinase activities 
The incubation mixtures were similar to those described in 
Table I. The enzyme used for this experiment was a fraction 
from a DEAE-cellulose column approximately 100-fold purified 
over the crude extract. 


— 


Substrate | Enzyme | — 
| ue | ntymoles 
| 1.5 16 
dGMP + drr | 1.5 20 
dM + dTMP + dHMP....... | 1.5 15 
dGMP + dTMP................. | 3.0 42 


. J. Leonard, Jr., and J. F. Foster 
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one protein capable of phosphorylating three of the four deoxy- 
nucleotides necessary for the synthesis of its DNA. 
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The N-F Transition as the Basis for 
Cooperative Detergent Binding of 
Bovine Plasma Albumin* 


J. Leonarp, In., AND Josern F. Foster 


From the Department of Chemistry, Purdue University, 
Lafayette, Indiana 


(Received for publication, July 25, 1961) 


The interaction of sodium dodecyl sulfate and other anionic 
detergents with serum albumin has been shown to proceed by a 
stepwise mechanism. At relatively low concentrations, deter- 
gent ions are bound at approximately 12 strong binding sites 
(1, 2). As saturation of these sites is approached, cooperative 
structural alterations result in the destruction of these strong 
sites and in the exposure of a much larger number of somewhat 
weaker binding sites (1, 2). By electrophoretic analysis, two 
discrete complexes having the approximate composition, 405 
and AD,oo, respectively, have been shown to arise as a result of 
the cooperative changes (3, 4). 

It was proposed by Foster and Aoki (5) that the cooperative 
changes in structure responsible for cooperative detergent binding 
might be identical with those involved in the N-F isomerization 
which takes place near pH 4. One of us has proposed a relatively 
simple subunit model which is capable of accounting for both the 
observed changes in properties of the protein associated with the 
N-F reaction and for the formation of the ADs and K, 
complexes (6). The essential feature of this model is that there 
are two buried hydrophobic regions or intra-surfaces (similar but 
not necessarily identical) in the N form which are disrupted and 
exposed to the aqueous solvent in the F form. 

The authors (7) have found changes, associated with the N-F 
reaction, in both the a and b terms of the Moffitt dispersion 
equation. Interpreted in terms of the empirical Doty modifiea- 
tion (8) of the Moffitt equation 
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** 
m'] = (Zu + fay") + fb," 


it was found that conversion of N to F results in both a decrease 
* Supported by Grant C-2248 of the National Institutes of 


Health, United States Public Health Service, Bethesda, Maryland. 
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Cooperative Detergent Binding of Plasma Albumin 
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Fig. 1. Dependence of various parameters on the negative 
logarithm of the concentration of free SDS, p|SDs}. All experi- 
ments were conducted in a phosphate buffer with added 0.10 
NaCl, pH 6.8; ionic strength, 0.20. Upper, slope of the Moffitt - 
Yang dispersion plots (— fle). Center, “total intrinsic residue 
rot at ion? (Zao) calculated according to the procedure given in 
(7). Lower, perturbation data plotted as the difference in absorp- 


in helix content (f) and of “total intrinsic residue rotation“ 
(Xag*). In the presence of strongly bound anions, SCX and 
C10, , the change (with decreasing pH) takes place in two steps 
of very nearly equal magnitude which were concluded to repre- 
sent successive exposure of the two hydrophobic regions. Ap 
plication of the solvent perturbation technique of Herskovits and 
Laskowski (9) indicated that approximately four tyrosyl] residues 
were exposed in the second step, but none were exposed in the 
first. We would now like to report results of similar experiments 
conducted at constant pH (6.8) with varving detergent concen- 
tration. Ina very striking manner, the results, Fig. 1, show that 
the sequence of events on increasing the detergent concentration 
closely resembles the sequence found, in absence of detergent, on 
increasing the acidity. 

The experiments were conducted in the same phosphate buffer 
us that emploved by Pallansch and Briggs (2). Free concentra- 


tion (te) between a solution of given composition and one of the 
same pH, protein concentration, and ionic composition containing 
20% sucrose, normalized by dividing by the extinction of the 
reference at 270 mp. The regions of coexistence of two forms in 
the electrophoretic studies of Aoki (4) are indieated by the arrows 
at the extreme top of the upper figure. 


tion of detergent was calculated at each point from their binding 
data. Since their data extend only to —log SDS' = 3.1, some 
extrapolation was necessary in the ease of the points at higher 
detergent concentration. Such uncertainties only involve the 
exact shape of the second wave in the curves and do not alter the 
basic conclusions which can be drawn. Dispersion data were 
plotted according to the method of Moffitt and Yang (10). Data 
were plotted and dispersion parameters caleulated independently 
by both authors in several eases; in this way it was concluded that 
the probable error in foo is approximately +1¢;, indicated by 
the vertical bars in the top figure. The percentage error iD 
Say is probably somewhat less because of the partial com. 
pensation of errors in slope and intercept, both of which enter in 
calculation of this parameter. The probable error in the pet 


The abbreviation used is: SDs, sodium dodeeyl sulfate. 
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turbation measurements, which were carried out with 20%, 
sucrose as perturbing agent (8), is very difficult to assess but is 
probably not greater than the height of the bars in the lower 
figure.” 

Several points are noteworthy: 

1. The apparent absence of any basie structural change 
(constancy of fbo) in the initial statistical binding but the decrease 
in Tao, which possibly results from preferential orientation of 
SDS per se, pessibly from leeal disturbances in side-chain 
residues. 

2. The extreme sharpness of the two transitions in fbo” (and 
associated transitions in Lae) which take place in each case 
over a range of only approximately 0.2 to 0.3 8s] units. 
This emphasizes the ccoperative nature of the binding. 

3. The clese agreement between the p|/SDS] of the two co- 
operative transitions cbserved here and the regions of coexistence 
of AD and AD,, in the first case, and of AD, and AD.,, in the 
second. These latter regions, shown by arrows at the top of the 
figure, were calculated from the electrophoretic results of Aoki 
(4) by converting his compesition data (given as pretein to 
detergent ratios) to —leg[SDS] with the data of Pallanseh and 
Briggs. 

J. The fact that, once again, tvresv] expesure is asseciated 
with only the second of the two transitions. This confirms that 
the two pestulated hydrophebie regions are different in that enly 
one contains tvresvl residues,“ and further that this region is 
inherently more stable since it is more resistant both to detergent 
(at pH 6.8) and to acid. 

?We are indebted to Dr. Herskovits and Professor Laskowski 


or instructing us in the technique of the perturbation method and 
or helpful discussions. 


W. J. Leonard, Jr. and J. F. Foster 


Ina general way, it is our opinion that these results confirm our 
previous speculations as to the relation between the N and F 
forms and detergent binding behavior and further underline the 
basic importance of these forms in governing the physicochemical 
(and physiological) properties of plasma albumin. 
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It should be pointed out that the magnitude of the increase in 
tyrosyl perturbation observed in this case is only approximately 
one-half that observed in the N-F transition in acid solution. It is 
suggested that this is due to partial masking by bound detergent of 
some or all of the liberated tyrosyls 

‘In a private communication, Drs. C. Bigelow and XI. Sonnen- 
berg have informed us that they have observed a tvrosvl difference 
spectrum in the second cooperative binding range with SDS. It 
should be emphasized that their measurements emploved direet 
difference measurements on protein solutions with and without 
detergent and not the perturbation technique emploved here. 
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The Amino Acid Sequence around the 
“Reactive Sulfhydryl” Group of the 5 


Jack TEIN, f Guipo Guipotti1, WILLIAM KONIGSBERG, AND 
Rosert J. 


From the Rockefeller Institute, New York 21, New York 
(Received for publication, August 1, 1961) 


The recent work of Braunitzer et al. (1) and of Hill et al. 
has established conclusively that the normal adult human hemo- 
globin molecule contains 6 cysteinyl residues, 1 in each a 
chain and 2 in each 8 chain. Of the 6 thiol groups, only 2 to 
2} are reactive with sulfhydryl reagents in the native molecule 
(2, 3). Riggs and Wells (4, 5) have shown that these so-called 
“reactive sulfhydryl” groups are located in the G chain of human 
hemoglobin. Since the structure surrounding the cysteine resi- 
due in the a chain has now been established (6), it became of 
interest to determine the sequence of the amino acids around the 
evsteine residues of the 8 chain and also to establish which 
of the two is the “reactive sulfhydryl.” 

For the sequence work, globin was prepared according to the 
method of Teale (7) from normal human hemoglobin and the 
a and 8 chains were separated by countercurrent distribution as 
described previously (8). The 8 chain was digested with tryp- 
sin for 16 hours at 25°, and the peptides were separated into a 
dichloroacetic acid-soluble fraction and a dichloroacetic acid 
precipitate. The dichloroacetic acid-insoluble material was 
oxidized with performic acid (9), and the product then subjected 
to ion exchange chromatography in a system of Dowex 50-X2 
resin and pyridine-acetate buffers. This produced the two 
cysteine-containing core“ peptides, T8-13,14 and T@-15 (Fig. 
1). The schemes depicting the sequence determination of these 
peptides are shown in Figs. 2 and 3. 

T8-13,14 (Fig. 3) was found to contain 22 amino acids, 4 less 
than that reported by Braunitzer et al. (1). This peptide was 
cleaved into two fragments by short term treatment with pepsin 
at a low concentration. Longer time peptic digestion produced 
four peptides. The amino acid sequence of three of these was 
determined at this stage by the subtractive Edman procedure 
(10). The fourth peptide was digested further at a higher pepsin 
concentration. This produced two peptides the structures of 
which were determined by the use of both the subtractive Edman 
procedure and carboxypeptidase treatment. 

Both the subtractive Edman procedure and the carboxypepti- 
dase treatment were also applied to the sequence determination 

* This investigation was supported in part by Grant A-2493 
from the National Institute of Arthritis and Metabolic Diseases of 
the National Institutes of Health, United States Public Health 


t Postdoctoral Fellow, National Cancer Institute, United States 
Public Health Service. 

t Present address, Division of Chemistry, University of Tennes- 
see, Memphis, Tennessee. 
a J. Hill, G. Guidotti, and W. Konigsberg, unpublished re- 


of the second core peptide, T@-15 (Fig. 2). It was also initially 
subjected to a short term, low concentration peptic digestion 


treated with a higher concentration of pepsin to yield again two 
fragments. The C-terminal peptide was treated in a like manner 
with chymotrypsin and yielded three fragments. The amino 
acid sequence of the small peptides produced by the pepsin and 
chymotrypsin treatment was easily determined. 

To determine the reactive sulfhydryl group, normal adult 
human hemoglobin was incubated at 25° for 8 hours with a 20- 
fold mM excess of iodoacetamide at pH 7.0. This solution was 
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Fic. I. Chromatogram of the oxidized dichloroacetic acid- 
insoluble fraction of the tryptic digest of the 8 chain of human 
hemoglobin. Dowex 50-X2 column, 15 em; flow rate, 30 ml per 
hour; 2-ml fractions; 50°. Abscissa, milliliter effluent. Buffers, 
1.07 u pyridine-0.50 M. acetic acid; 2.0 u pyridine-1.0 M acetic acid. 


(His,, Asp, Gly,, Ala, CySO3H, Val,, Leu Phe) Lys 


0.002% pepsin 
25° 3. 75 min, 


| Leu (Asp, Gly, Leu) Val. Leu] Val (His,,Gly, Ala, CySOsH, Val, Leu, Phe) Lys| 


0. 010% pepsin 
250 18 hrs. 


— — >\< — 


O. 0107 chymotrypsin 
25° 18 hrs. 


Leu, Leu, Gly, AspNHg, Val. Leu, Val. CySO3H, Val. Leu, Ala. His, His, Phe, Gly, Lys 


13-15 (105-120) 


Fic. 2. Schematic diagram of the enzymatic degradation and 
sequential analysis of the oxidized tryptic peptide 78-15 from the 
8 chain of human hemoglobin. The enzymatic degradation prod- 
ucts were isolated by ion exchange chromatography on Dowex 
50-X2 columns with pyridine-acetate buffers. —, sequences 
established by the Edman degradation; —, sequences established 
by carboxypeptidase. Numerical order as established by Braunit- 
zer et al. (1). 
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(Lys, His, Asp, Thr, Ser, Glug, Pro, Gly, Als, Val, Leu, Phe) Arg 


25° 3. 75 min. 250 21 hrs 
D Tar. Phe |Ala. Thr. Leu|Ser (Lys, His, CySOsH, Asp, Glu, Leu,)| His. Val. Val. Asp. Pro, GluNHz, Asp. Phe. art 
o. 010% pepsin 
25° 21 hrs. 


Leu| His. . Asp. 


TB-13 


Lys. Leu| 


18-14 


Gly, Thr. Phe. Ala. Thr, Leu. Ser. Glu NH. Leu. His. CySO3H, Asp, Lys, Leu, His, Val. Asp. Pro. Glu NH. Asp, Phe. Arg 


18-13, 14 (83-104) 


Fic. 3. Schematic diagram of the enzymatic degradation and 
sequential analysis of the oxidized tryptic peptide T-13,14 from 
the 8 chain of human hemoglobin. The enzymatic degradation 
products were isolated by ion exchange chromatography on Dowex 
50-X2 columns with pyridine-acetate buffers. —, sequences 


then dialyzed for 24 hours against a 10-4 M sodium Versenate 
solution at pH 7.4 to remove the unreacted iodoacetamide. 
Globin was prepared as described above and was found to 
contain 0.85 residue of carboxymethylcysteine per 33,000 molecu- 
lar weight. The chains were separated as described above and 
analyzed for carboxymethylcysteine. The a chain was found to 
contain none and the 8 chain to have 0.67 of a residue per 15,000 
molecular weight. The 8 chain was digested with trypsin and 
treated with dichloroacetie acid as described above. Analysis 
of the dichloroacetic acid fractions showed the carboxymethyl- 
cysteine to be present almost entirely in the soluble fraction. 
Chromatography of this fraction on a 50-cm Dowex 50-X2 col- 
umn with pyridine-acetate buffers produced two new peptides 
which had the composition of T8-13 and TB-14 shown in Fig. 3. 
TB-13 (Fig. 3) was found to contain 0.85 residue of carboxy- 
methy leysteine, whereas no carboxymethylcysteine was found 
in TB-15 (Fig. 2), and this peptide was still found in the un- 
digested core material. It therefore appears that after reaction 
of the cysteine residue of T8-13,14 with iodoacetamide, the 
hitherto unattacked lysine residue of this peptide now becomes 
accessible to hydrolysis by trypsin to yield TB-13 and TB-14 
(Fig. 3). 

Recent x-ray crystallographic evidence on the tertiary struc- 
ture of hemoglobin (11, 12) shows the reactive sulfhydryl] of 
peptide TB-13 to be located next to the histidine that is coor- 
dinated with the iron of the heme group. This is the so-called 
“proximal” histidine. It is also known that these two amino 
acids are in a helical portion of the chain, and so the side chains 
are displaced by 96°. This proximity between the heme-binding 


established by the Edman degradation; —, sequences established 
by carboxypeptidase. , tryptic cleavage after formation of 
carboxymethyleysteine with underlined cysteinyl residue. Nu- 
merical order as established by Braunitzer et al. (1). 


group and the reactive sulfhydryl may provide for an understand- 
ing of the effects which sulfhydry! reagents produce on the native 
molecule. They are known to affect certain physiological prop- 
erties of the hemoglobin molecule such as oxygen affinity and 
Bohr effect (5, 13). 
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5-Ribosyluridylie acid (pseudouridylice acid, V uridine 5’-phos- 
phate) (1-3) has been shown to be a constituent of the bio- 
logically important small molecular weight ribonucleic acid, 
sRNA (4-7). The nucleoside, 5-ribosyluracil, is present in 
relatively large amounts in urine of patients with gout and 
leukemia (8, 9). The latter source has provided sufficient ma- 
terial for the chemical synthesis of 5-ribosyluracil 5’-phosphate 
and the subsequent enzymatic formation of 5-ribosyluracil tri- 
phosphate (10). This report describes the enzymatic formation 
of 5-ribosyluracil diphosphate glucose from y uridine triphosphate. 
In addition, other 5-ribosyluridy] transfer reactions will be 
described. 

Dried brewers’ yeast (Anheuser-Busch, Inc.), was autolyzed in 
0.1 u NaHCO, for 16 hours at 37°. The 0 to 50% (NH) SO, 
fraction of the supernatant fluid obtained after centrifugation at 
18,000 x g was dialyz u overnight against 0.05 u Tris, pH 8.1. 
Incubation of this enzyme with proximally labeled v UTP® and 
glucose 1-phosphate vielded a radioactive compound which was 
identified as V UDP-glucose (95°; yield) (Fig. 1). Paper 
chromatography with ethanol-0.5 M ammonium acetate (5:2 
volume for volume) at pH 7.5 (Solvent A) and pH 3.8 (Solvent 
B) (11) showed a radioactive, ultraviolet-absorbing area with a 
mobility in both systems slightly slower than that of the marker 
UDP-glucose (Ry values relative to UDP-glucose: Solvent <A, 
0.74; Solvent B, 0.73). In these systems the 5-ribosyluridylic 
derivatives typically move slower than their uridine counter- 
parts. (/ UDP-glucose was enzymatically prepared with 
crystalline phosphoglucomutase, the veast enzyme fraction, and 
C-labeled glucose 6-phosphate. 

The ultraviolet spectra of the ¥ UDP-glucose isolated by paper 
chromatography are shown in Fig. 2. These spectra show the 
characteristic bathochromie shift of 5-ribosyluracil compounds 
(1-3) and resemble those which were described for V UMP and 
¥ UTP (10). Acid hydrolysis of C-labeled V UDP-glucose at 
100° for 15 minutes in 1 N HCI yielded the expected products, y 
UMP and C. glucose; milder conditions, i.e. 0.01 N HCl, 100°, 


*Supported by grants from the National Heart Institute, 
United States Public Health Service (H-4442 and HTS-5447) and 
from the National Science Foundation (G14383). 

t Faculty Research Associate Award from the American Cancer 


Society. 


5 minutes, gave Y UDP. Alkaline hydrolysis (IX NaOH, 15 
minutes, 100°) yielded a single nucleotide component, V UMP. 
The glucose residue obtained by acid hydrolysis was identified by 
paper chromatography in ethyl acetate-H.O-pyridine (2:2:1 
volume for volume) (Solvent C) and by its reaction with glucose 
oxidase. Determination of the glucose content with this enzyme 
showed a 1:1 correspondence with 5-ribosyluracil based on an 
extinction coefficient of 8.6 X 10° at 260 mau in acid. Total 
phosphate analysis yielded approximately 2 moles of phosphate 
per mole of 5-ribosyluracil. These data are consistent with the 
structure of Y UDP-glucose and are analogous to the findings 
obtained with UDP-glucose (12). 

¥ UDP-glucose is oxidized by DPN to 5-ribosyluracil diphos- 
phate glucuronic acid. This was demonstrated by incubation of 
¥ UDP-glucose with DPN and a partially purified preparation of 
UDP-glucose dehydrogenase. Approximately 2 moles of DPN 
were reduced during the reaction. Chromatography of the re- 
action products revealed complete conversion to a compound 
which in Solvents A and B moved below marker uridine diphos- 
phate glucuronic acid with relative Ny values in both systems of 
0.74. Acid hydrolysis of the eluted (labelled material yielded 
glucuronolactone and some glucuronic acid as identified by paper 
chromatography in butanol-acetic acid-H,O (3:1:1 volume for 
volume). The first order rate constant for the initial portion of 
the DPN-dependent oxidation of V UDP-glucose was approxi- 
mately 22°% of that for UDP-glucose at identical substrate con- 
centrations. 


uo 


UTP - 


Fig. I. Radioautogram of paper chromatography of conversion 
of 5-ribosyluracil triphosphate to 5-ribosyluracil diphosphate 
glucose. The complete reaction mixture contained 1 X 10°? N 
¥ UTP® labeled in its innermost phosphate (1.0 X 10* ¢.p.m./ 
umole); 5 X 10°? Tris, pH 8.1; 5 X 10 u MgCl; 2.5 10°? 
cysteine; | X 10°? Mu glucose-1-P (G-1-P); 5 Xx lO ATP; 5 x 
10° m_phosphoenolpyruvate, 2.5 ug of crystalline phosphoenol- 
pyruvate kinase and 4.2 mg of dialyzed 0 to 50% (NH) 80, frae- 
tion of brewers’ yeast extract per ml of reaction mixture. Ineuba- 
tion was performed for 15 minutes at 37°. Paper chromatography 
was done in Solvent A. The ultraviolet quenching areas are en- 
circled. 
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Fig. 2. Ultraviolet absorption spectra of 5-ribosyluracil diphos- 
phate glucose. The spectra were obtained with the Cary model 14 
recording spectrophotometer. The pH was adjusted from 7 to 13 
and 14 by the addition of 10 & NaOH to the sample and to the 
blank. Corrections for resulting dilutions of 0.96% at pH 13 and 
9°% at pH 14 were not made. * 
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With the use of a crude preparation of galactose-1-P uridy] 
transferase (13), a galactose-1-P dependent release of glucose-1-P 
from V UDP-glucose was demonstrated. This reaction was 
followed by observing TPN reduction in the presence of glucose- 
6-P dehydrogenase and phosphoglucomutase. Approximately 
1 mole of TPN was reduced per mole of V UDP-glucose added. 
The zero order rate constant with / UDP-glucose was approxi- 
mately 16°; of that for UDP-glucose with similar concentrations. 

The presence of V UDP-galactose pyrophosphorylase activity 
could also be demonstrated in crude brewers’ yeast extract. 
This was shown by the formation of V UDP-galactose from y 
UTP and galactose-1-P. 

The question of whether there exists one or separate enzymes 
which catalyze 5-ribosyluracil and uridine nucleotide reactions is 
at present unanswered. This problem and the problem of 
whether these compounds can act as glycosyl donors are under 
active investigation. 
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Nonparticipation of Ribonucleic Acid in 
Glutathione and Ophthalmic 
Acid Synthesis 


B. G. LANE AND Fritz LipMann 
From The Rockefeller Institute, New York 21, New York 
(Received for publication, September 13, 1961) 


A recent reinvestigation of glutathione synthesis in pigeon 
liver fractions and in lens extracts has failed to confirm the earlier 
claim of Bates and Lipmann (1) that ribonucleic acid acts as à 
cofactor in the synthesis of GSH from y-glutamyleysteine and 
glycine. The reinvestigation was prompted by our inability to 
show any effect of pancreatic RNase on the enzymatic synthesis 
of ophthalmic acid, the naturally occurring y-glutamyl-a- 
aminobutyryl glycine (2), which resembles GSH in its structure 
and biosynthesis (3). Lens extracts were prepared essentially 
according to the method of Cliffe and Waley (3), and liver ex 
tracts were prepared {rom acetone powders of pigeon liver by the 
method of Snoke, Yanari, and Bloch (4). Liver GSH-synthetase 
was purified according to the method of Snoke: et al. (4). For 
incubation with pancreatic RNase, the lens and liver prepara- 
tions were adjusted to pH 7.2, and pancreatic RNase was added 
to give a concentration of 75 wg per ml, a 15-fold greater amount 
than that used in the earlier report (1). The enzyme prepara- 
tions, with and without pancreatic RNase, were incubated at 37° 
for 30 minutes before the addition of the substrates and cofae- 
tors for tripeptide synthesis. 

The assay procedure used for both ophthalmate and GSH syn- 
thesis was essentially the same as that developed by Waley for 
assaying ophthalmate and GSH-synthetase activities (5). In 
order to assay synthesis of GSH from y-glutamyleysteine and 
glycine, a complete oxidation with perſormie acid was carried 
out to cleave the various disulfides, sulfones, etc., which result 
from air oxidation and combination of excess y-glutamyleysteine 
with GSH. Thus, after treating the dry residues from the de- 
proteinized ethanolic supernatant solutions of the digests for 9 
minutes at 37° in a solution made by mixing 1 ml of hydrogen 
peroxide, 4 ml of formic acid, and 5 ml of water, there were only 
two peptide bands after electrophoresis, one corresponding to 
GSH sulfonic acid and the other to y-glutamylcysteic acid. 

Electropherograms were sprayed lightly with ninhydrin. 
The zero time controls showed only bands corresponding to 
amino acids or to the reagent dipeptide and glycine; endogenous 
GSH was removed by exhaustive dialysis or by the purification 
procedures. After synthesis of tripeptide, an additional nin- 
hydrin band of the tripeptide appeared. For quantitative 
estimates, glycine-2-C™ was employed, the ninhydrin bands were 
eluted with 10 ml of water, and 1 ml of the eluent was plated 
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and counted. As shown in Table I, neither in lens extract nor 
in crude or purified liver extract was ophthalmic acid synthesis 
affected in any way by the addition of RNase, although it was 
found that much smaller amounts of the same enzyme com- 
pletely destroyed added RNA (3 mg per ml of enzyme solution). 
As shown in Table I], the same is true for the synthesis of GSH 
with the same lens and liver preparations, in which incubation 
with RNase, also, did not inhibit synthesis. Likewise, visual es- 
timation of the intensity of the ninhydrin color failed to indi- 
cate a diffeence with and without RNase. Both the prep- 
aration of RNase (Worthington Biochemical Corporation) 
and the preparation of RNase-A, kindly supplied to us by Dr. 
A. M. Crestfield, were used. 

As mentioned in a previous publication (1), studies of the 
amino acid distribution in the soluble-RNA fraction isolated 
from fresh liver had shown some unidentified peaks which could 
possibly have indicated the presence of peptides in this fractioip. 
Runs, for which we are indebted to Dr. Stanford Moore, wi 
authentic ‘y-glutamylcysteine and diglutamyleystine, gave 
the following results: y-glutamyleysteine is eluted in the stand- 
ard Stein-Moore procedure immediately ahead of aspartic acid, 
and the oxidized peptide emerges as a broad peak covering the 
threonine to serine range. There was no evidence indicating 
that either of these peptides was present in the samples of 
hydrolyzed soluble-RNA analyzed earlier. We therefore con- 
clude that aminoacyl-soluble-RNA from liver does not contain 


Tasie I 


Synthesis of ophthalmate with and without preincubation of lens 
and liver enzymes with pancreatic ribonuclease 


Incubation medium: 0.06 M potassium phosphate, pH 7.2; 0.1 
u potassium chloride; 0.01 u magnesium sulfate; 0.01 u phospho- 
enolpyruvate; 0.002 u ATP; and pyruvate kinase (0.01 mg of 
protein per ml of incubation mixture). For the synthesis of tri- 
peptide from its constituent amino acids, the concentration of 
each amino acid including glycine-2-C™ (0.04 we per amole) was 
0.01 M except for cysteine which was 0.003 u. For synthesis from 
the dipeptide and glycine, the concentration of dipeptide was 
0.001 u. and the concentration of glycine was 0.01 u. The volume 
of solution containing enzyme was I ml, and the final volume of 
the incubation mixture was 1.5 ml. Incubation was for 1 to 2 
hours at 37°. Lens extract contained approximately 140 mg of 
protein per ml. The liver extracts, after precipitation at pH 5.7, 
contained approximately 30 to 40 mg of protein per ml, and the 
50-fold purified enzyme from liver contained approximately 2.5 
mg of protein per ml. The dipeptide, 7-glutamyl-a-aminobutyr- 
ate, was synthesized by the method of Waley (6). 


Source of enzyme Substrates — RNase + RNase 
c.p.m. in ophthalmate® 
Lens extract... .... Constituent 480 X 10° | 448 X 10° 
amino acids 
Lens extract. ...... Dipeptide + 118 Xx 10° 124 X 10° 
glycine 
Liver extract after 
precipitation at 
| Dipeptide + 101 X 10° | 109 X 10° 
glycine 
Purified (50-fold) 
enzyme from 
pigeon liver Dipeptide + 80 X 10° | 93 X 10° 
glycine 


There were 130 X 10‘ e. p. m. in the free glycine at zero time. 


J. F. Simpson, D. M. Skinner, and J M. Lucas 
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Taste II 
Synthesis of GSH with and without preincubation of lens and liver 
enzymes with pancreatic RNase f 
Conditions were as in Table I. The dipeptide, 1 glutamyl- 
cysteine, was synthesized through the mixed anhydride coupling 
of N-carbobenzoxyglutamic acid-a-benzyl ester and S benzyl- 
cysteine ethyl ester with the subsequent saponification and re- 
duction of the coupled product.! All other chemicals were com- 
mercial and of reagent grade quality. 


Source of enzyme Substrates RNase RNase 
iu CNN 
Lens extract... Constituent 99 X 10° | 108 X 10° 
amino acids 
Liver extract after 
precipitation at 
. Constituent 192 X 10° 188 X 10° 
amino acids 
Purified (50 fold) 
enzyme from 
pigeon liver Dipeptide + 87 X 10° | 78 X 10° 
glycine 


y-glutamyleysteinyl-RNA, nor is soluble-RNA involved in any 
way in GSH or ophthalmic acid synthesis. The problem of GSH 
synthesis is turned back to the stage in which it was left by the 
pioneering work of Snoke and Bloch (7). 
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Studies in this laboratory by McLean, Cohn, Brandt, and 
Simpson (1) have provided evidence of the ability of isolated 
mitochondria to incorporate amino acids into protein. These 
observations have been confirmed and extended in other labora- 
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tories (2-7). More recent work concerned with the elucidation 
of the mechanisms involved in protein synthesis has been directed 


toward the study of the biosynthesis of an individual mito- 


chondrial protein, cytochrome c. Several communications 
describing the latter work have appeared. Bates, Craddock, 
and Simpson (8) have reported that rat liver mitochondria can 
effect the incorporation of labeled amino acids into cytochrome c. 
Subsequently, Bates and Simpson, in a preliminary note (9), 
presented evidence of the ability of calf heart mitochondria to 
incorporate amino acids into both total protein and cytochrome ¢ 
linearly with time for as long as 12 hours and reported the net 
synthesis of cytochrome c in this system. 

In the present communication, we wish to report that we have 
been unable to confirm either the synthesis of cytochrome e er 
the long term incorporation of amino acids into total protein. 
Although the ability of calf heart mitochondria to incorporate 
labeled amino acids into protein is not difficult to demonstrate, 
this incorporation process continues for a much more limited 
period of time than has been reported previously (9). The dura- 
tion of the incorperation in our best experiments, under the 
conditions formerly used, does not exceed 4 hours. Further- 
more, because the rate of incorporation falls off rapidly after the 
Ist hour, the final specific activity is far less in an equiva- 
lent period of time than that previously recorded. 

Efforts were made to extend the duration of the incorporation 
period both by attempting to duplicate as closely as possible the 
conditions used previously and by seeking improved conditions. 
The attempts to find new experimental conditions included 
variation of the procedure for preparation of the mitochondria, 
variation of the concentration of each component of the reaction 
mixture, use of specially purified reagents and glass-distilled 
water, substitution of L- for pi-valine, modification of the condli- 
tions of incubation, use of different labeled amino acids, and 
repeated transfer of the mitochondria to fresh incubation media. 
The detailed results of this and other work on the calf heart 
system will be the subject of a future communication. 

Attention was then directed to cytochrome c biosynthesis. In 
contrast to the extensive synthesis of cytochrome e previously 
reported (9), our present attempts to demonstrate the net syn- 
thesis of evtochrome c by calf heart mitochondria have met with 
failure. In addition, we were unable to detect appreciable 
incorporation of valine-1-C™ or other labeled amino acids into 
cytochrome c by mitochondria isolated from either rat liver or 


culf heart. Roodyn and Work, independently, have incubated 


rat liver mitochondria with a labeled amino acid and have found 
negligible incorporation into cytochrome c.? 

The absence of appreciable labeling of cytochrome e presents 
the problem of its intracellular site of synthesis. Furthermore, 
inasmuch as good evidence exists for the incorporation of amino 
acids into the total protein of mitochondria, the nature of the 
proteins that are synthesized merits further study. 
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In the course of the physical characterization of a chromato- 
graphically homogeneous sample of lysozyme from hen’s egg white, 
we have observed a reversible association of this protein in 
alkaline solutions. In view of the importance of this observation 
in the interpretation of solution properties of lysozyme, we have 
undertaken a detailed investigation of the phenomenon, which 
will be more completely described in a later communication. 


Taste I 
Sedimentation equilibrium results 
All solutions contained 0.15 M KCI. In addition, the solution 
at pH 5.40 contained 0.02 M potassium acetate. 


— 
pH | *. Me 
mat 
5.40 | 1.2 13.710 13.580 
9.84 | 1.37 22.000 18,890 
3.4“ 1.33 12.510 12.230 


* Reversed from pH 11.01. 


Sedimentation equilibrium studies of the monodisperse protein 
at pH 5.4 are being reported in a separate publication.! At more 
alkaline pH values, the protein is clearly heterogeneous, the 
average molecular weights (/) increasing with increasing pl. 
Since the effect is sensitive to both ionic strength and protein 
concentration, we include in Table I representative data with 


these parameters held constant. These results were obtained in 
* This work was supported in part by Public Health Service 


Grant No. A3096(CF) from the National Council on Arthritis 
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a Spinco Model E ultracentrifuge at 20°, with the methods de- 
scribed by Van Holde and Baldwin (1). 

The data have not been corrected for the primary or secondary 
charge effects. Extrapolation of data at pH 5.4 to zero protein 
concentration and correction for the secondary charge effect 
lead to a value of M = 14,400 for the homogeneous lysozyme.! 
As can be seen from Table I, at pH 5.4 and below, lysozyme is 
essentially monodisperse (. = .). At higher pH values we 
invariably detect heterogeneity. The data are consistent with 
the idea that, at least up to pH 10, the equilibrium involves only 
monomer and dimer. This can be illustrated by the results at 
pH 9.84. It can easily be shown that if only two species are 
present and a molecular weight is assumed for one of them, 
(1), the value of the molecular weight of the second species is 
given by 
(M, —M 7 
(. — 1 7 


Inserting the pH 9.84 data into Equation 1 and assuming that 
M, = 13,600 (i.e. that the apparent molecular weight of mono- 


Mi 
where M. and are 
= 


the molecular weight and weight fraction of the i-th polymer 
species, respectively. Moreover, 2 W. = 1. 


(1) 


Mi: = My 


A. J. Sophianopoulos and K. E. Van Holde 
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mer is the same as at pH 5.4), we obtain M, = 26,400, or 
M,;/M, = 1.94. The dimerization is obviously not complete; 
we have not as yet found conditions which make it so. 

The association is apparently reversible. The data obtained 
at pH 3.44 represent a solution which has been held at pH 11.0 
and then acidified. The protein is apparently once more 
homogeneous; the fact that the apparent average molecular 
weights are slightly lower than at pH 5.4 is probably a result of 
the higher charge at the lower pH. 

In conclusion, we should note that essentially identical results 
have been obtained with a fairly pure commerical sample of 
lysozyme (Armour, Lot D-638040); thus, the effect is not re- 
stricted to our sample. Indeed, the association may explain 
the rather wide divergence in values for the molecular weight of 
lysozyme reported in the literature (2). Also, it should be noted 
that Smith, Wood, and Charlwood (3), in an investigation of 
lysozyme by the Archibald procedure at pH 6.6, consistently 
observed that the apparent molecular weight at the bottom of 
the solution column was higher than at the meniscus. This re- 
sult would be expected from our results. 


1. VAN — K. E., anp Batpwin, R. L., J. Phys. Chem., 62, 
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